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PREFACE

/
7/ g J/
; Thisﬁre éies provided an introduction to modern ramjet technologygandapplications to missiles were especially
emphasized. The survey and characterization of various types of ramjets were followed by the discussion of ramjet

, \ components. Three of the lectures@iven on the seeond daydealt with the main types of subsonic combustion ramjets. Fheses=___
e e ‘“.N;\ﬁ'as éne tecturp devoted to supersonic combustion ramjets. JThe experience gained from the research and development of

- existing systems and components was covered in detail in all{he lectures.

This AGARD Lecture Series was sponsored by the AGARD Propulsion and Energetics Panel and implemented by the
Consultant and Exchange Programme.
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INTRODUCTION AND OVERVIEW

by

B. Crispin
MESSERSCHMITT~BULKOW~BLOHM GMBH
Unternehmensbereich Apparate

Postfach 801149
8000 Miinchen 80

SUMMARY

Ramjet propulsion has gained importance as sustainer of missiles which have to combine long range and high
speed. Its high specific impulse makes it favourable for this application. Moreover, military demands are
satisfied by its simple design. The lecture describes the different types- of ramjet propulsion and charac-
terizes them by explaining their main features.

After a survey of the development of the design principles, the fields of application are mentioned and
comparisons with other types of missile propulsion are made. The performarce characteristics and the quali-
fication of ramjet propulsion for different missions are discussed.

The lecture concludes with remarks on the present state of development and on the points of emphasis of
further development.

1. INTRODUCTION

Modern concepts of guided missiles impose increased requirements for speed and range in order to improve the
stand-off conditions of the carrier and the penetration capability of the missile.

In many cases the requirements for engine economy are so high that they cannot be fulfilled by rocket engines
Therefore, it becomes necessary to use airbreathing engines which offer a gain in specific impulse by about
the factor of five. Among these airbreathing engines, the ram-type engine is particularly well suited as a
missile sustainer because of its simple and rigid design. Compared with the turbojet engine, the ram-type
engine exhibits nearly no disadvantage in fuel consumption if the Mach number is high enough. This will be

demonstrated later.

The ram-type engine has two prominent characteristics, cne being positive and the other being negative:

the positive feature is its extreme simplicity,

the negative characteristic is the lack of zero velocity start capability. Both characteristics have fascinats
engineers since the first work of Lorin and various ramtype engines with different propellants have been
designed. In order to compensate for the lack of zero velocity start capability the combination with various

other engine types has been tried.

The multitude of systems shall not be discussed here, because this meeting will be confined to the aspects
of military applications. For practical application in military systems, mainly three propulsion systems
are of interest (Fig. 1):

W the conventional 1iquid fuel ramjet (using Kerosene or a 1liquid high

\ density fuel)
-l the solid fuel ramjet (with the solid fuel located in the ram-combustor)

-l the solid propellant ramrocket (using a solid propeliant for energy

generation).

Inlthe future, another type of ramengine will gain significance:
- the superscnic combustion ramjet.

Figure 2 illustrates the performance and adeq..te range of application of turbojet, ram-type and rocket
engines. This figure shows the specific impulse of the particular engine type as a function of the flight
Mach number. The propellant may change from type to type, the common feature being the storability. It has
to Ee underlined that only mean values of performance can be given by this kind of representation. Consider-
ab1‘ deviations will occur depending on the special design and the particular flight condition.

Pure hydrocarbons are assumed as fuel for turbojet and ramjet engines. Both engine types are almost equally
efficient above Mach number three. Below this Mach number, the performance levels of both engine types
diverge in the well-known manner. At zero speed, the specific impulse of the ramjet is of negative value
while the turbojet reaches the maximum value. In the case of the ramrocket, a high energy propellant
containing about 50 percent boron is assumed. The performance curves of ramrocket and ramjet do not differ
sutstantfally. The ramrocket, too, offers nearly no thrust at zero speed. Exceeding Mach number six approx-
imately, performance advantages will be gained by using the method of supersonic combustion.

This presentation demonstrates the performance superiority of the ramtype engine to the rocket engine. But

this sgperﬁority only exists in the middle of the Mach number range being considered and disappears at very
low and very high Mach numbers.

2. INTEGRATION




generations, In the first generation, the ramjet engine was positioned within a nacelle outside the missile
dart. In the following generation, the engine already was integrated in the dart, The inlet diffuser took

an optimum position at the tip of the missile. But a considerable part of the dart volume was occupied by

the ‘long air duct between inlet and combustion chamber, The third generation, which represents the integration
method of today, eliminates these disadvantages. The inlet system consistiny of one or more inlet diffusers

is laterally installed at the dart, avoiding any loss of volume due to an air duct. In addition, the free
volume of the ram-combustor is used for installing the booster nr a part of it. Thus an optimum of volume

economy has been achieved.

The sequence of generations is demonstrated once more by fig. 4 which deals with systems being or having
.been in service. The first generation is formed by the systems Bomarc and Blsodhound, the second one is

represented by the systems Talos, Sea Dart and Ganef.

By now, only one system of the third generation is in service:

Gainful (SA 6).
In the near future, a new missile system using a ramjet of the third generation will have to be added:

the French Air Surface missile ASMP
which will be the first ram-type engined system in service not belonging to the family of the surface-to-

air missiles {leaving out the drones).

3. PROPELLANTS

The most important criteria for the selection of the propellant are

the energy content

the density and

the storability.
Since the residence time of the combustion products within the ram-combustor is very short (5 msec or less),
the requirement for good combustibility has to be added. For several applications, the aspect of smoke
generation may become important. In the case of hypersonic propulsion the heat-sink capacity of the
propellant has to be considered, too. The number of elements from which useful propellants may be composed
is rather small. This fact becomes obvious by a diagram correlating the heat contents and the atomic numbers
of the elements (a way of presentation used by several authors).

Fig. 5 shows the gravimetric-as well as the volumetric heating values of the elements, since both are
relevant to missile propulsion. The statement of the graph is clear:

The elements with both high gravimetric and volumetric heating valuesare situated in the region of small
atomic numbers. It is evident, too, that only some light metals 1ike aluminum, beryllium, ~ particulariy
boron - and besides them carbon, can compete with the usual hydrocarbons. One remark should be added.
The noted heating values of the metals are valid only if their oxide produced during combustion is
condensed. Actually, this assumpticn may be not at all or only partly realistic. At hypersonic flight
conditions for exampie, the very high combustion temperatures may prevent the coadensation of the metel

oxides.

4. PERFORMANCE

One of the preceding graphs showed the relationship of specific impulse and Mach number being a characteristic
of ramjet propulsion: ,

There is a steep increase of specific impulse in the low Mach number range, the maximum being situated at
d moderately high Mach number and a decrease in the high Mach number range. This characteristic shape of
the specific impulse curve derives from the ideal ramjet working cycle illustrated by fig. 6.

The ideal working cycle being identical with the "Brayton Circle” consists of

[ isentropic compression of the ram air
. heat addition at constant pressure and
. isentropic expansion to the outside pressure.

Assuming idea! gas having constant specific heat, a simple formulation of the relationship between ideal
specific impuise and Mach number can be found. In the particular cases of the Mach number approaching
zero or infinite values, further simplifications are possible. Finally one can formulate:

[} at low Mach numbers, the specific impulse is directly proportional

to the flight Mach nunber and
® at very high Mach numbers the specific 1mpulse is inversely proportional

to the flight Mach number,

Though in reality, there are significant deviations from the conditions of the Brayton circle, the
discussed tendencies rema1n

[ at very low and at very ! igh Mach rumbers, the specific impulse of
the ram-type engine approaches zero.

This fact is illustrated by fig. 7 for the case of a kerosene-fueled ramjet.
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a certain change of the relationship between performance and equivalence ratio discussed above. In
addition, the rarge where equivalence ratio can be varied is confined by thrust requirements,

In the lower Mach number range, the increase of specific impulse with increa=ing Mach number exceeds

the increase of thrust demand. For this reason, a Mach number exists where fuel consumption of the ramjet
per unit range becomes a minimum. By this way and taking into account additional Mach number dependent
effects to every mission, a flight Mach number can be attributed where the weight of the propulsion
system or - what is finally interesting -~ the veight of the missile system is minimized.

This fact is demonstrated by fig. 8 for missiles flying at very low altitude. The dependence of missile
weight is plotted as a function of the sustain Mich number for two different values of range without
taking into account the weight of the booster. There is a fiat minimum near the Mach number of 2.5.

The consideration is completed by tauking into account the change of booster weight. The results of calculations
are shown in fig. 9. Again the low altitude flight mission is taken as an example.

Parameters of this diagram are two different rangcs and two different
launch Mach numbers. Again, there is a flat minimum now near Mach number 2.

The position of the minimum is influenced to a certain amount by ‘several other parameters as for example
hy the flight altitude. But these influences are of second order. Generally, it can be stated that the weight

optimal Mach number lies between 2 and 2.5,

5. OPERATION

The off-design operational characteristics of the ramjet or ramrocket are primarily governed by the interactio
of the inlet system and the sonic throat of the thrust nozzle, In the case of the engine with constant geometr
the operation is influenced by the variable flight conditions (Mach number, altitude, angle of attack or
sideslip) and the rate of heat addition in the combustor.

The matching of inlet and thrust nozzle is illustrated by fig. 10, Some simplifications have been made in
order to concentrate on the determining factors: the changes of combustion chamber pressure loss and of mass

flow due to fuel addition have been neglected.

It s assumed that the relation between total pressure 2t the end of the diffuser and air mass flow
can be described by the well-known rectangular graph. A two sinck inlet with external compression and
stable subcritical operation will have a characteristic similar tu this.

The critical or supercritical air mass flow of the diffuser is linear proportional to the flight Mach
number during operation above the "shock-on~1ip" Mach number. The dependence is of higler order below
“shock-on-1ip" conditions. (The flight altitude is always assumed to be constant.)

The total pressure at the entrance of the thrust nozzle is defined by the values of air mass flow, cross-
sectional area of the sonic throat and combustion temperature. The dependence from mass flow is nearly
Tinear if the combustion temperature is constant. In the case of constant heat addition (constant fuel

flow, the dependence from mass flcw can be approximately a square root function.

The synopsis shows a set of similar diffuser characteristics with the flight Mach number being the curve
parameter. The critical total pressure of the diffuser strongly increases with the mass flow. The total
pressure, necessary for swallowing the air mass flow has a less steep ascent with the increase of mass

flow.

At the point of intersection, the engine is operating at critical diffuser conditions. Going to higher
Mach numbers, the diffuser will become progressively supercritical. In the opposite direction, the

engine works with subcritical diffuser, the pressure level being defined by the maximum pressure recovery
of the inlet diffuser. (In most cases only part of the subcritical region can be used determined by the
1iuits of stable operation of the diffuser.)

After these statements introducing to the matching problem of inlet and nozzle, the thrust characteristics
of the ram-type engine shall be explained.

The equations describing thrust and thrust coefficient are formulated in fig. 11 in a notation which
facilitates further transformation. The simplifications introduced before, for the reason of clearness
shall be maintained. As an additional simplification, only operation above the “shock-on-1ip" Mach number

will be considered.

At first, critical operation shall be discussed (fig. 12). The relationship between critical total
pressure of the diffuser and flight Mach number can be described by an exponential function of the Mach
number. The exponent is between 2.5 and 3.5. According to the simplifications made above, this total
pressure is identical to the total pressure within the thrust nozzle. Since the static pressure at the
nozzle exit is discriminated from the total pressure only by a constant factor, the above mentiored
exponential function finally is appropriate to describe the dependence of nozzie exit pressure, too.

By choosing a medium value of three as exponent, the simple relationship given by fig. 12 can be
established. Mainly there is a linear proportionality at critical operation between the increase of

flight Mach number and thrust coefficient.

In the_supercritical regime, the relationship between thrust coefficient and flight Mach number at constant
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flow. With this simplification at first the statement is established that for constant heat addition

the nozzle exit pressure is proportionai to the square root of the air mass flow. Because of the assumption
to operate above the "shock-on-1ip" Mach number, the air mass flow is directly proportional to the Mach -
number. Finally, the expression of fig. 13 follows, relating the thrust nozzle exit pressure to the sl
square root of the Mach number. By using this result one gets the simple approximation of the supercritical °
thrust coefricient at constant fuel addition given by fig. 13.

o

L

The results of exact calculation of the thrust coefficients of a ramrocket are presented by fig. 14 a.

The thrust coefficient at critical operation rises steeply with increasing Mach number. The curves of

the thrust coefficient at supercritical operation with constant fuel addition are mildly bent and decline
in the direction of higher Mach numbers. As long as the inlet diffuser is stable, the subcritical region
can be principally used. The calculated valuas cf the thrust coefficient are indicated by the dotted

lines.

In fact as shown by fig. 14, the pre-entry-drag of the diffuser strongly increases because of the normal
shock spillage in the subcritical regime. As a result of this, only a marginal gain in the net value .
of thrust coefficient is attained. Besides, fig. 14 b gives information about the minimum operational
Mach number of a ramjet. For that reason the drag coefficient of the missile (represented in the same
manner as the thrust coefficient) is presented, too. If subcritical operation has to be excluded because A
of insufficient diffuser stability, the intersection point of the lines of critical thrust coefficient N
and of drag coefficient designates the miimum operational Mach number. But even if subcritical operation .
can be allowed, no remarkable change follows. This minimum operational Mach number is only a theoretical :

figure and the transition Mach number has to be well above this value if the flight mission requires o
maneuvering or climbing in the early sustain phase. g
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An impression of the dependence of the acceleration capability on the margin between transition Mach number :?
and minimum operational Mach number is given by fig. 15 .

This graph referring to a long range missile shows the acceleration {as multiples of the acceleration i
due to gravity) as a function of the time after transition. For this calculation, the assumption has .
been made that the transition Mach number exceeds the minimum operational Mach number by a value of 0.05. )
It is obvious that a certain value {being not too small) of this margin has to be provided because of the

dynamic characteristics of the missile. =

€. COMPARISON OF RAMJET PROPULSION WITH OTHER TYPES OF MISSILE PROPULSION -
m

6.1 Comparison with Rocket Propulsion ‘ b

Ramjet propulsion offers the advantage of low fuel consumption compared with rocket propulsion, but the dis-
advantage of additional structure weight has to be accepted. Therefore, the range of the missile has to ex- -
ceed a minimum value in order to justify ramjet applicaticn. The minimum range where the propulsion system
weight of a ramjet engine corresponds to a rocket engine, essentially depends on ambient pressure (flight .
altitude) and Mach nurber. Since the minimum range is approximately reciprocal to ambient pressure, the :
simple manner of representation of fig. 16 tecomes possible. -

—y

This figure shows the product of minimum range and ambient pressure as a function ¢f the flight Mach "
number. Basis of comparison is: ’

[ a solid propellant rocket having a specific impulse of about 240 sec S

and
s . a hydrocarbon-fueled ramjet or a ramrocket using a high energy propellant.

Since the dimension of ambient pressure is "bar", this graph directly informs about the minimum range
of ramjet application for low altitude missions. f:

0f course, the statement of fig, 16 is only of theoretical nature. In practice, the range has to s
exceed these theoretical values c:nsiderably in order to justify the change from rocket propulsion e

to the more complicated ramjet propulsion.

An impression of the margin of propulsion weight which can be saved by using ram-type engines is given U
by fig. 17. -

Fig. 17 indicates the propulsion weight per unit of range as a function of range at sea level
conditions. A solid propellant rocket and ramrocket using a high energetic boron containing
propellant are compared. Similar results will be attained if the ramrocket is replaced by a
hydrocarbon-fueled ramjet. The calculated values apply to a missile of 0.1 m? cross-sectional area
flying at sea level conditions with Mach number 2.
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The advantage of using ram-type propulsion for medium or long range missions is clea~ly indicated
by the graph. It must be added that only the weight of the sustainer propulsion moduie has been
considered. If boost pronulsion is taken into consideration, the gap between the weight characteristics

of both propulsion tvpes will increase further.
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The influence of the Mach number on this comparison is illustrated by fig. 18, row referring to the
aspect of volume requirement of the propulsion system.
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In this graph, the length of the propellant section needed per unit of range, is shown as a function




AT mis e -

IR adl I TR S O P

-

PEY R

-l .

AW oA 2 8 A v,

CREC I 2N B S

1-5

The statement is: The application of ram propulsion is the appropriate way to reduce missile length
at supersonic flight missions.

6.2 Comparison with Turbojet Propulsion

In the subsonic and transsonic region, there ic a clear superiority of turbojet propulsion with regard

to both fuel consumption and thrust coefficient. As far as fuei consumption is concerned, this superiority
lasts up to a Mach number of about 3.5. But in the case of missile application the required thrust
coefficients generally exceed by far the values which can be provided by a pure turbojet. The extreme
thrust requirements only can be fulfilled by a turbojet if it is equipped with an afterburner. In this
case the afore-mentioned superiority with respect to fuel economy diminishes at a Mach number of ahout

2. On the other hand, a lot of penalties (weight, complexity, problems concerning the accommodation of

an integral boost motor and so on) arise for the application of the turbojet engine.

Situations may exist where advantages can be drawn from the self-acceleration characteristics of the
turbojet. But in general, an additional boost motor is needed providing a sufficient thrust level to
accelerate the missile as fast as possible to its sustain speed, thus minimizing the minimum operating

range.

Keeping in mind these considerations in the case of missile applciation nearly no argument remains for
usin? a turbojet instead of the much simplier ramjet if the flight Mach number exceeds a value of about

1.8 (even a lower value can be assumed).

7. FINAL REMARKS

At this time, development work or at least technology work in the field of ramjet or ramrocket propulsion
is going on in several countries of the NATO community. But still there exist some reservations against
the application of ramjet propulsion in the mind of the system engineers. This may be due to the following

reasons:

e The development period is Tong (a period of five years has to be anticipated
nowadays)

o Development and production costs are high. (Some components and the equipment
are expensive in manufacturing. Compared with rocket propulsion
ramjet testing is very expensive.)

o Some additional restrictions have to be accepted by the designer of the
missile. (The restrictions concerning usable Mach number range, altitude
range, margin of angle of attack or sideslip, and minimum launch Mach
number are more severe as in the case of rocket propulsion.)

Some of the just mentioned facts are inevitably inherent in airbreathing propulsion and have to be
accepted in return of a higher efficiency. But the remaining problems could be overcome by a better
knowledge of the component technology leading from the variety observed now to more standard1zed solutions

of component design and construction.

With respect to this, an improved cooperation between the different developing companies and institutions
within the NATO conmun1ty could be very helpful. Additional efforts have to be made in the follow1ng
fields in order to improve the prospects of application of ram-type propulsion:

inlet stability

sensibility concerning angle of attack and sideslip
combustion stability

durability of heat protection

high density fuel marayement

particle combustion efficiency

throttling mechanism for solid propellants
consumable port covers and booster nozzles
supersonic combustion of storable propeliants

This 1ist does not claim to be complete, but some of the topics are appropriate to be subject of a common
technology work of the NATO countries.

Nomenclature
A Cross~-sectional area m Mass flow
CD Drag coefficient P Pressure
e Thrust coefficient q Dynamic Pressure
F Thrust R Range
H Altitude S Entropy
Enthalpy T Temperature
isp Specific impulse t Time
M Mach number ] Equivalence ratio
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INTRODUCTION/SUMMAR Y

Active development of the 1iquid ramjet engine was undertaken by the United States in the early 1950°'s.
Successful development of the BOMARC and Talos long range surface-to-air {interceptor missiles was
accomplished in this time period with initial operational deployment taking place in 1957 and 1959,
respectively (Figure 1). Shortly thereafter, similar surface-to-air systems were developed and
operationally deployea by the United Kingdom and the Soviet Union. The United Kingdom developed the
Bloodhound MKl and Bloodhound MK2 missile systems (Figure 2). Later it developed the Sea Cart shipboard
- based surface-to-air missile (Figure 2). During the same time frame, the Soviet Union developed the
SA-4 GANEF mobile surface-to-air missile (Figure 3).

From the inlet designer's viewpoint, it 1s instructive to note that all of these missile systems
incorporated an axisymmetric air induction system into the nose of the vehicle or the nose of externally
mounted nacelle or pod mounted engines. By today's standards, the design of such inlets is quite
straight forward, well documented and development undertaken with 1ittle risk.
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In the 1960/1970 time period the Integral Rocket-Ramjet (IRR) type of engine was successfully developed.
The operating principal cf the IRR engine is described in Figure 4. Flight demonstrations were success-
fully accomplished in the following programs:

PROJECT CROW 1961
LOW ALTITUDE SUPERSONIC RAMJET MISSILE (LASRM) 1965/1966
ADVANCED LOW VOLUME RAMJET (ALVRJ) 1974/1976
SUPERSONIC TACTICAL MISSILE (STM) 1979

It is noted that each of the flight tested IRR systems (with the exception of the CROW test vehicle)
) utilized a multiple aft mcunted inlet system (see Figure 5). Furthermore, the Soviet Union developed
- SA-6 CGAINFUL surface-to-air missile system also utilizes a multiple aft mounted inlet system.

In recent years, we have seen a growing interest in the development of advanced tactical missile
systems. Specifically, long range air-to-surface, air-to-air and surface-to-air systems are of
interest. The generalized missile/propulsion system requirements for these missile systems are:

Long Range
High Speed
Demanding Launch Afrsraft Compatibility Requirements

High Packaging Density (Missiles are typically volume limited)
Low Cost

These design requirements are best satisfied with use of ramjet propulsion. Both liquid and solid fuel
engines are of interest.

T e e ———— T W - —

Four significant design/mission characteristics of these proposed new missile systems are of major
interest to the ramjet inlet designer:

. 1. The vehicle forebody will house the missile guidance system, autopilot and payload. A nose
‘ inlet vehicle is no longer a viable design solution. (Missile systems specifically
designed for storage/firing from a shipboard vased box launcher may be an exception to this

statement).

2. The ramjet air induction system must be highly integrated with the vehicle te result in an
aerodynamically efficient, minimum weight design.

3. Integral rocket-ramjet engines are emphasized.
4, The vehicle flight profiles are typically highly transient in terms of flight Mach number,

altitude and angle of attack. Particularly in tha air-to-air applicaticn, vehicle maneuver
requirements dictate high angle of attack operation {see Figure 6).

: The above described design/mission requirements were initially vic.ed with concern by experienced inlet
: designers. They reasoned the following consequences of these requirements:
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1. Installed inlet performance would be degraded as compared to nose inlet systems.

2. Successful development of these irlet systems would be more difficult and therefore require
a longer, more expensive inlet development prcgram.

The United States has conducted inlet cesign/performance studies for a number of candidate advanced
ramjet powered missiles. By utilizing favorable interference design concepts {vehicle forebody and/or
wing flow field effects, precompression shrouds) and compromises in inlet design parameters (design Mach
number, contraction ratio, bleed flow) excellent installed inlet performance has resulted. In fact,
installed inlet performance is often significantly improved when compared to nose inlet systems,
especially at high angle of attack flight conditions. The inlet design concepts/trade-off paremeters
considered in these programs will be discussed in this lecture.

DESIGN/PERFORMANCE TRADE-OFF PARAMETERS

The 1{nlet designer must properly consider/evaluate (analytically and/or experimentally) a number of
design trade-off parameters to configure the air induction system which best meets specific vehicle/
system requirements. These inlet design parameters are discussed in the paragraphs which follow. To
facilitate these discussions, the air induction system (inlet) station notation and nomenclature used
throughout this paper is presented in Figure 7, In addition Figure B presents representative inlet
performance curves. The classical Pyp/Pr, versus A /Ac 1iniet performance curve i: often
referred to as a “candy cane* curve because of its characteristic shape. Figure 8 1s representative of
an inlet which employs boundary layer bleed. With such an inlet the inlet airflow definitions

(A /AC)Total and (A, /Ac)plenum are required.

Inlet Type

Typically, three inlet types are evaluated for application to advanced ramjet powered tactical missile
systems. These inlet types are as follows:

Axisymmetric
Two-dimensional (2-D)
Chin

Representative performance for these three inlet types {s presented in Figure 9. As shown in this
figure, axisymmetric inlet performance deteriorates rapidly with increasing angle of attack. In contrast
to the axisymmetric inlet, the two-dimensional and chin inlet designs exhibit increasing inlet perfor-
mance (total pressure recovery and engine airflow) with increasing angle of attack. These performance
characteristics are well matched to advanced tactical wmissile system requirements.

Can the angle of attack performance of the axisymmetric inlet be improved? Yes by locating the inlet in
the favorable flow field generated by the vehicle wing, Using this design technigue, axisymmetric inlet
performance closely approximates 2-D inlet performance {Figure 10). However, it must be recognized that
this aesign approach has a serious limitation. The vehicle wing/inlet geometry established by wind
tunnel testing must be maintained. This significantly increases the problem of meeting vehicle stability
and control requirements. These requirements are significantly easfer to satisfy if the wing and inlet
locations can be treated as independent variables.

1f a 2-D inlet is located in the wing flow field, is its performance improved? The test data trends of
Figure 11 answer this question. Mid-wing performance is approximately equal to the no-wing data.
However, a bottom mounted wing improves inlet performance. Location of the inlet between cruciform
wings further improves 2-D inlet performance. While this increased performance 15 highly desirable, the
fixed wing/inlet location problem discussed above presents the vehicle designer with serious stability

and contro! design problems.

Is there another way to improve 2-D inlet performance with fncreasing angle of | attack? Yes uce of a
precompression shroud can significantly increase 2-D inlet performance at angie of attack operating
conditions (see Figure 12). The test data trends shown in Figure 12 are for al precompression shroud
des;?ziwhich emphasized ramjet takeover thrust/drag margin and high Mach numben/high altitude crufse
con ons.

Can the precompression shroud design concept be applied to the axisymmetric inlet?!| Experimental studies
conducted by NACA (National Advisory Committee for Aeronautics) and MWC (U.S.|Navy - Naval Weapon
Center) were disappointing.

For the reasons discussed above, modern high performance ramjet powered tactical missile designs
typically dincorporate a chin (see Figure 13) or two-dimensfonal inlet system. Use of a highly
integrated two dimensional inlet is presented in Figure 14. Shown is an inboard profile drawing of a
candidate ramjet powered long range air-to-air missile design. Axisymmetric inlets are specified where
low develonment risk, low weight and low manufacturing cost are major vihicle design drivers.

Ramjet powered missile systems specifically designed for storage/firing from a shipboard based box
Jauncher or a submarine torpedo tube may be special cases. The Johns Hopkins University/Applied Physics
Laboratory conducted a design study for a SCRAMJET powered shipboard launched interceptor missile
(reported in AGARD publication AGARD-CPP-307). Rectangular and round launchers were studied. The study
considered the following inlet options: (1) an axisymmetric nose inlet; (2) a chin inlet; and
(3) a single bottcm mounted aft inlet. Missile storage constraints coupled with performance
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requirements resulted in selection of a nose inlet system. Inlet cowl area limitations were a major
factor in this conclusion. In contrast, several studies have shown the chin inlet to be compatible with
ramjet powered missiles designed for firing from a submarine torpedo tube. The inevitable conclusion
drawn from these studies is that the design of ramjet powered vehicles which are. stored and/or fired
from severely constrained launchers must be carefully structured to insure compliance with system
performance requirements. Radar dish size and bank-to-turn versus skid-to-turn flight control must be

considered.
Number of Inlets/Inlet Location

Multiple (four) aft-mounted inlet systems have been successfully employed in three ramjet propulsion
flight research test vehicles and cne operational surface-to-air missile {see Figure 5). This type of
atr induction system functions well when vehicle angle of attack/angle of yaw requirements are minimal.
These are typical operating requirements for supersonic/low altitude missile systems. However, as
discussed earlier in this paper and illustrated in Figure 6, today's advanced ramjet powered tactical
missile systems (particularly air-to-air missiles) emphasize high angle of attack operation during
guidance handover and terminal engagement maneuvers. Under these operating conditions, the performance
of a multiple (four) aft mounted inlet sysiem is poor as illustrated in Figure 15. Consequently,
advanced high performance tactical missile designs typically erploy one or two inlets. Furthermore, if
a single inlet is used, it is usually bottom mounted. . High inlet performance has been demonstrated with
forward (chin) and aft bottom mounted single inlets. If two inlets are used, they are mounted
approximately 450 from the horizontal centerline. The arguments for these inlet locations is the test
data trends presented in Figures 16 and 17. Photographs of a high performance chin, aft bottom mounted
single and aft mounted dual inlet wind ‘tunnel test model are presented in Figures 18, 19 and 20

respectfully.

Design Mach Number

The inlet design Mach number not only strongly influences design point performance but also off-design
performance. Figure 21 presents the classical maximum total pressure recovery versus design Mach number
plot. Although the total pressure losses of external compression inlets decrease as the number of
oblique shorks is increased, it has been found in practice that the use of discrete oblique shocks in
excess of two offers greater flow complication and less satisfactory results than “isentropic” type

inlets.

Normally, ramjot inlets are fixed geometry and designed for a single Mach number. Therefore, these
inlets must accept the performance penalties associated with flying above and below design Mach number.
What is the effect of design Mach number on oft-design performance? This effect, at zero degrees angle

of attack, is presented in Figure 22.

Low desicn Mach number inlets have higher capture area ratio (engine airflow) below the design Mach
number and lower pressure recovery above the design Mach number when compared to high design Mach number
inlets. The experimental axisymmetric inlet data presented in Figure 23 confirms these trends. Low
design Mach number inlets emphasize ramjet takeover performance while high Mach number inlets emphasize
high vehicle flight speed. However, it 1s important to recognize these perforinance trends can be
significantly altered at moderate to high angle of attack flight conditions. Typical performance trends
for isolated two-dimensional, mixed compression (internal and external) inlets at a moderate angle of
attack are presented in Figure 24, The trends are for inlets designed to be near the maximum amount of
external and internal compression at the design Mach number. In the middle Mach number range, the low
design Mach number inlet can have both higher pressure recovery and capture area ratio. This is because
the higher design Mach number inlet, at angle «f attack, operates unstarted and with or without detached
external shock waves over a large portion of the Mach number range. Therefore, selection of the inlet
design Mach number must carefully consider all pertinent inlet design requirements and is a significant

step in the definition of a new inlet design.

Contraction Ratio

Increasing the amount of external contraction increases the overall pressure recovery. This is
accomplished by increasing the inlet initial cone or wedge angle and/or the amount of isentropic
compression. Ultimately a “compression 1imit" is reached which precludes compression (externally) to a
pressure higher than can be achieved behind a strong shock. The reason for this is shown ir Figure 25.
Static pressures must be balanced across the vortex sheet. This 1limits the degree of external
compression to the values shown in the figure. Generally speaking the consequences of designing an

inlet which exceeds the comprcssion 1imit is to spill air (decreased thrust and increased drag) at high .

flight Mach numbers (Figure 25). Highly compressed inlets result in large flow angles at the cowl lip.
If the cowl 1ip is flow aligned or positioned at some fixed angle relative to the approaching flow, then
cowl drag increases with contraction ratio (cowl 1ip drag can be decreased by misaligning the cowl but
this usually requires inlet bleed with associated bleed drag). The optimum amount of external
contraction at a given Mach number can be found by computing net engine thrust {trading pressure
recovery against cowl drag). The elements of this optimization analysis are presented in Figure 26.
Such a design optimization is often accomplished for the ramjet takeover flight condition.

High performance aircraft typfcally employ variable geometry mixed compression inlets. Mixed compression

inlets employ external and internal contraction, At first examination the use of a large amount of

internal contraction would appear to benefit ramjet inlet performance. However, such is not the case
for two reasons:

1) Variable geométry inlets are heavy and complex. Numerous ramjet design studies which
examined the use of variable geometry inlets showed little or no payoff, primarily due to
their added weight. However, hypersonic ramjet/SCRAMJIET engines designed to operate over a
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2) Ramjet engines are typically designed to operate over a large range of flight Mach numbers
and angle of attack. With a fixed geometry inlet and these demanding flight operating
conditions, only a small amount of nternal compression can be utilized (~10%
contraction). Therefore, the maximum total pressure recovery performance presented in
Figure 21, which strictly speaking applies to external compression inlets, also generally
applies to fixed geometry ramjet mixed compressior inlets.

Figure 27 1llustrates the effect of inlet contraction on an installed bottom mounted, two-dimensional
inlet 2t angle of attack. It should be noted at high angles of attack, the low contraction ratio in’et
can be better in both pressure recovery and capture area ratio. The importance of establishing realistic
inlet design requirements early in the missile development program is apparent.

Bleed Airflow Rate

Typically, inlet bleed flow can improve the total pressure recovery of an inlet but at the expense of
drag. Therefore, in most cases, there is a bleed flow rate (and/or configuration) that produces maximum
ret engine thrust., Such 2 bleed flow rate/configuration optimization is usuaily accomplished exgperimen-
tally for the critical ramjet takeover flight condition. The performance trends shown in Figure 28 are
from experimental data for a bleed system with high bleed momentum recovery..

Use of an Aerodynamic Grid

During the flight test development of the BOMARC 1iquid fuel ramjet engine serfous subsonic diffuser
flow separation problems were experienced, especially at large angies of attack. These flow separations
resulted in poor diffuser exit airflcw and, therefore, combustor entrance fuel-air ratio profiles. The
result was poor combustor performance and often combustor blow out. A device known as the aerodynamic

grid solved this problem.
The aerodynamic grid is designed to choke as the ramjet engine is throttled to lean fuel air ratios.

“This limits the downstream travel of the normal shock system intc the subsonic diffuser - the cause of

diffuser flow separation. The choked grid also redistributes the diffuser airflow much as a screen.
However, because of 1its carefully contoured shape, the effect on critical inlet recovery is small

(APT2/PT2~.02).

Figure 29 describes several types of aerodynamic grids tested in development ramjet engines. The round
hoie grid and the annular grid have found the most use.

Subsonic diffuser exit flow profile test data, with and without the use of an aerodynamic drag, are
presented in Figure 30. These test results speak fur themselves.

The aerodynamic grid has been used in a number of operational and flight test ramiet engines. Examples
are BOMARC, Talos, Typhoon, Bloodhound, and ASALM. A grid will not be required if the design can
tolerate shock induced separation in the subsonic diffuser without adverse effects on the structure

(back burning) or on combustion efficiency.

Subsonic Diffuser Design

The design of a high performance subsonic diffuser is strongly finfluenced by flight vehicle geometric
constraints such as available length and combustor offset. *“S" shaped diffusers are often employed in
ramjet powered flight vehicles and are particularly troublesome. Good performing diffusers (straight
and “S* shaped) have been developed using an effective conical flow expansion angle of 3 to 5 degrees.
Rapid inflections in diffuser wall contours should be avoided. If subsonic diffuser flow separation is
experienced the use of an aerodynamic grid will often greatly improve diffuser performance.

Inlet Drag

Inlet drag plays a strong role in the design and development of a high performance ramjet inlet/
diffuser. Mr, E. L. Goldsmith of the Royal Aircraft Establishment will address this importait subject

in his lecture.
Subcritical Stability

Figure 31 presents total pressure recovery/capture area ratio characteristics for a high performance and
a low pe-formance inlet design. Both inlets have the same supercritical A, /Ac. As is often true in
practice, the low performance inlet (PTg/PT°° ) has subcritical margin while the high performance
inlet does not. The constant slope 1lines (P'nz/PT°° /A_ /Ac) represent lines of constant ramjet
combustor heat release or fuel-air ratio. Since it is undesirable to permit the inlet to buzz, a high
performance inlet is usually required to operate at some margin (5% to 10% in pressure recovery). This
requirement is due to accuracy or repeatability in test data or changes ir atgospheric conditions. This
requires a pressure recovery limiter control. However, as can be seen in the figure, a lower
performance inlet with sufficient subcritical stability can provide the same margin (or more), thus
eliminating the need for a pressure recovery limiter control. This subject will be further discussed in
the second portion of this lecture.

Vehicle Forebody Effects

For a given inlet geometry and location, the shape of the vehicle forebody can have a significant effect
on inlet performance. Whether this effect is large or small depends on inlet size, inlet type and
ax{al, radial and circumferential location. For completeness, it is pointed out that selection of the
vehicle forebody shabe is usually dictated by airframe packaging or radome slope error considerations.
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Typical vehicle forebody shape effects on inlet performance are presented in Figure 32. Q{‘“
An important aspect of vehicle forebody effects is the definition of the local flow field de'ivered to }j:i
the inlet. Rapid advances are being madz in the modeling and computation of these flow fields. This ,

important subject will also be discussed by Mr. Goldsmith.

Comparison of Wind Tunnel and Flight Test Inlet Data

The primary tool used to develop a high performance ramjet iniet is the high pressure (high Reynolds
number) blow down type of wind tunnel. A question often asked is "How well do wind tunnel and flight
test inlet data compare?" The test data typically compare quite favorably as demonstrated in
Figure 33.

Additional Inlet Design Considerations

In addition to the major inlet design parameters discussed above, several other factors may significant]y
influence the air induction system design process. These additional considerations are listed below:

Combustor Pressure Oscillations
Inlet Fabrication Cost

Y Inlet Weight

RECOMMENDED INLET DEVELOPMENT PLAN

(] Vehicle/Engine Radar Cross Section
¢ Air Induction System Impact on Vehicle Aerodynamics

- (] Inlet Pressure Margin ;:;:
o . Combustor Entrance Profiles ' ' -
. Ce
.

Z I

The Marquardt Company has conducted inlet design/performance studies (including inlet model wind tunnel
testing) for several advanced ramjet powered missiles. In the conduct of these design/development
studies, a preferred or recommended inlet development plan has emerged.

The basic elements of this plan are presented below:

1. Establish inlet performance/design requirements.
2. Perform computer-aided inlet analysis and design studies.
3. Conduct inlet/vehicle system perfcrmance trade-off studies.
4, Conduct inlet wind tunnel test program:

e Installed Tests

o Isolated Tests ar

o Flow Field Tosts (-
5. Conduct vehicle force and moment wind tunnel test. )
6. Estimate engine/vehicle system performance.

.

INLET SUBCRITICAL STABILITY/3UZZ
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BACKGROUND =

Virtually every inlet designer has experienced the phenomenon of inlet instability, commonly referred to o
as buzz, in the development of a high performance supersonic inlet. D. D. Wyatt in his excellent paper
titled "A Review of Supersonic Air Intake Problems® (Reference 1) described inlet instability as follows:

"Generally the supercritical flow regime of supersonic intake systems ~
ischaracterized by a steady flow discharge rate. In some cases there o
are nonstationary oscillations but these are generally of such a low
order of amplitude that serious structural or engine operation problems :
are unlikely. It is probable that these low-order oscillations arise N
from unsteady boundary-layer separation in the subsonic diffuser. In R
many {ntake designs, however, the steady flow breaks down in the e
subcritical regime. The terminal shock wave undergoes violent
excursions in position from well ahead of the cowl to far down in the
subsonic diffuser. This phenomenon 1{s accompanied by severe
fluctuations in mass flow and pressure recovery."

We believe this description is too gocd to be improved upon. During recent development of 2 high
performance, dual aft mounted, two dimensioral inlet, we installed a small, flush mounted, hiah frequency R
response, piezo electric static pressure transducer in the diffuser. A representative pressure trace s

from this test series 1is presented in Figure 34, In this test subsonic diffuser back pressure was o
increased (throttle plug movement) until buzz was experienced. Figure 1 clearly shows the noise output -
of the inlet normal shock system during “"steady staie* operation and the large amplitude pressure i

oscillations associated with classical “buzz®. Thus Fiqure 34 clearly supports Wyvatt's buzz description. 3




inlet instability with relatively 1ittle success. In reviewing the inlet literature there are data for
a few inlet configurations which indicate some degree of stable subcritical operation, particularly at
the lower Mach numbers (Mg<2). By and large, through, the approach taken has been to design a high
performance 1inlet (which generally has 1little or no stable subcritical operation) and to avoid
subcritical operation by providing an inlet supercritical operating mode insured by a shock position
control. This control either limits fuel flow to the engine or opens up a bypass door downstream of the
{ilet minimum flow (throat) section. Such approaches are common in supersonic liquid-fueled ramjet and
turbojet applications, respectively.

Recent impetus to provide a margin of stable subsritical inlet operation has come from the following
sources: (1) In liquid-fueled systems, cost reductions could be achieved if the shock positioner
control could be eliminated. (2) The development of the solid fueled ducted rocket (ramrocket) for
tactical operations has indicated a possible neec or some margin of subcritical operation. There is
current interest in a throttleable solid fuel gas generator, however, the propellant flow rate will not
be controllable to the same extent nor for the szme reasons as the liquid system and, in addition, the
flow rate is subject to large varfations as a function of the gas generator scak temperature (g

effects).

A third reason for reviewing the possibility of subcritical operation is shown in Figure 35. The dotted
1ine represents a' typical pressure recovery-airflow characteristic of a high performance irlet. The
critical pressure recovery is point A; however, due to the lack of subcritical stability, an inlet
margin 1is provided such that the inlet operates at point B. Now, if an inlet providing subcritical
stability could be provided with a critical pressure recovery equal to the der-ted recovery of the high
performance inlet (as shown by the solid lines in Figure 35), comparable internal performance and thrust
would be generated. A brief look at the trade-offs between high performance and alternate inlet
approaches suggest that, in order to be attractive, the alterncte inlet should provide a critical
pressure recovery within 10% of that of the conventional inlet. The amount of stable subcritical
stability required is not well defined but probably should be in the range of 10%-20% in terms of
capture airflow at the design Mach number. Due to the airflow matching characteristics of typical
ramjet engines, subcritical stability is required mostly at the lower Mach numbers of the flight
envelope. At the higher flight speeds the inlet generally operates with increasing amounts of
supercritical operation unless a variable geometry exit nozzle is employed. Can inlets with a large
measure of subcritical stability be developed? The answer is not clear as discussed below.

SOURCES OF INSTABILITY

The sources of instability are generally well known and are discussed in the literature. Ferri and
Nucci in Reference 3, for example, explained a mechanicm for buzz by the presence of a vortex sheet
entering the inlet. Daily (Reference 4) attributed instability to choking on one side of the vortex
sheet in the throat or minimum flow area of the inlet. Trommsdorff in Reference 5 noted that a strong
expelled shock, during subcritical operation, could cause boundary layer separation which could
alternately choke and unchoke the inlet throat. Ferri and Nucci also discussed the possibility of
boundary layer separation from the inner cowl rather than the centerbody. Orlin and Dunsworth, in
Reference 6, present two inlet stability criteria. They argue that if efther of these criteria are
exceeded, inlet buzz will occur. However, in order to make predictions as to when finstability will
occur, a knowledge of the flow field downstream of the expelled shock and on each side of the vortex
sheet is required. Orlin and Dunsworth's stability criteria will be presented later in this paper

(lecture).
INLET LITERATURE SURVEY

The following paragraphs of this paper (lecture) present a brief and highly selective survey of material
that appears in the literature pertaining tc the achievement of subcritical stability in supersonic
inlets, including comments given either to explain the cause of the instability or means of alleviating

it.
Boundary Layer Separation

Many researchers report that boundary layer separation on the centerbody {compression surface) reduces
the subcritical stability margin and/or initiates buzz. The NACA, in 1953, designed and tested side
inlets suitable for application to high performance aircraft. These inlets were designed for Mach 1.88
and .93 and were tested with varfous types of boundary layer removal systems. The inlets were half of
an axisymmetric design mounted on a flat plate to generate a boundary layer approaching the inlets to
simulate that generated on the fuselage. The cone half-angies were 25 and 30 degrees for the Mach 1.88
and 2.93 designs, respectively. Figure 36 presents a sketch of the cowl-iip scoop boundary layer
removal system. It will be noted that the inlet centerbody was mounted flush to the flat plate. The
data 1in Reference 7 indicates significant improvement in critical pressure recovery, peak pressure
recovery, and subcritical stability when the height of the boundary layer scoop shown in Figure 36 was
increased above the boundary layer thickness generated on the approach flat plate. These test results
are reproduced in Figure 37. At the highest scoop heights tested the Mach 2.93 design achieved about
8.4 percent stable subcritical margin whereas the Mach 1.88 design achieved about 25 percent margin.
With the concial compression surfac2 mounted on a flat plate, the circunferential pressure gradient
tends to direct the boundary layer off the cone toward the fiat plate and the cow! lip scoop thus
providing an effective boundary layer removal system. The test data of Reference 7 illustrates that
effective boundary layer control upstream of the inlet throat delays the onset of Jinsta y related to
boundary Tayer separation.




Project Pigel Inlet Development Experience

In the early 1950's a serjes of axisymmetric inlet development tests were conducted in support of the
Rigel program. This -amjet powered test vehicle was designed for cruise at Mach 2.0. In this
development program inlets were designed and tested with design Mach numbers of 2.0, 2.3, and 3.85. The
salient design characteristics and subcritical stability performance of these inlets is summarized in

Figure 38.

Inlet subcritical -stability test data often follow the trend shown in Figure 39; inlet subcritical
stability is minimum or noneristent at the inlet design Mach number but increases significantly when the
inlet is operated at less than design Mach number. The Rigel test data presented in Figure 38 generally
follow this data trend. This subcritical stability data trend is one reason why inlets are often
designed for a higher Mach number than the ramjet takeover Mach number.

Figure 40 is presented to show the effect of boundary layer bleed on the cone surface ahead of the
‘cowl, These data are frr the Mach number 3.85 inlet when tested at Mach 1.92. It {s clear that
boundary layer bleed significantly improved both critical pressure recovery and subcritical stability.

it is noted that all of tiie Rigel inlets were of the mixed compressiin type. Therefore, at the
Mach 1.66 test condition, these inlets cperated unstarted (choked inlet). We believe this contributed
to their large subcritical stability margins but reduced total pressure recovery at this test condition.

University of Minnesota/R. Hermann's Supersonic Inlet Research

Rudalph Hermann, in his inlet textbook (Reference 11), reported the test results of an axisymmetric
mixed compression inlet designed for Mach 3.0. The inlet had a half-cone angle of 30 degrees with a
9.2 percent internal contraction and an internal cowl angle of 21.7 degrees (flow aligned). The
pressure recovery-capture area data for test Mach numbers of 2.0 and 3.0 are shown in Figure 41, When
tested at the design condition, Mg = Mp = 3.0, the inlet had zero subcritical margin, However, when
tested at Mach 2.0, the inlet was unstarted (choked throat), and a 17 percent stable subcritical margin
resulted. This represented only the last data point tested and thus the margin may have been greater
than 17 percent, Hermann observed, that for an inlet operating unstarted, if the cxr2lled shock wave
becomes unstable it can only oscillate between an upstream position and the supercritical expelled
position. 7This 1s because as the shock moves downstream a position is reached where the inlet throat
becomes choked. This prevents further motion of the shock such that it cannot enter the cowl therefore

the magnitude of the pressure variation is small.

It is noted that, for the inlet tested by Hermann, the triple point (origin of the vortex sheet) f{s
outside the cowl 1ip at Mg = 2.0 for supercritical and critical operation. As the inlet is throttled,
the vortex sheet may cross the cowl 1ip but this will occur at large values of subcritical operation.

At Mg = Mp = 3.0, the inlet operates in a mixed compression mode and the triple point crosses the
cowl lip as the inlet is throttled. The vortex angle at the triple point is computed to be 4.5 degrees
compared to the cowl lip internal angle of 21.7 degrees. This misalignment (16.2 degrees) is thought to
contribute to the lack of subcritical stability observed at Mach 3.0.

CCMPRESSION RATIO LIMITS ANALYSIS

Orlin and Ounsworth in 1951 published a report on criterion for flow instability in supersonic diffuser
inlets (Reference 6). Stated briefly one of their conclusions was “The parameter determining the flow
stability through a supersonic diffuser is the rate of change of inlet static pressure (at the cowl
station) with mass flow. Stable subcritical flow occurs in the region of operation for which
dP1/dAy has negative values and the stability 1limit is reached when dPy1/dA, becomes equal to

zero,"

Two separate conditions lead to dPy/dAp; = 0 and hence to instability. As the inlet mass flow is
reduced, the slope of the inlet total pressure curve with airflow may be negative, zero, or positive
depending upon Mach number and inlet geometry. Continuity relations between the freestream and cowl
station may be written to show that if the slope of the pressure recovery curve is negative or zero, the
slope of the static pressure will be negative. If the slope of the pressure recovery curve is positive
by a given amount, the slope of the static pressure curve will go to zero. Figure 42 presents an

example of zero slope instability.

The second conditicn leading to instability is the reaching of a compression limit.* The following
sketck is taken out of Reference 6 to illustrate this point. It was assumed that the static pressure

across the cowl station CLB was
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uniform. Through segment CL the total pressure Pyp' 1s essentially that associated with a normal shock

at the local freestream Mach rumber Mg. The pressure recovery through segment {B in the sketch is
somewhat higher than Pyg', having passed through an oblique shock and a strong shock at a Mach number
less than Mg. In this sketch if the static pressure at the cowl station should cqual or exceed the
total pressure Pyp' the flow across ClL will stagnate and require flow reversal (hence finstability).
Figures 43 and 44 present examplzas of compression 1imit instability. In these figures the term control

pressure {s equal to Pyo'/l1 .

Figures 43, 44 and 45 demonstrate that Orlin and Cunsworth instability criteria has merit. However, its
value .s limited unless an analytical technique 1s available to calculate the varfation of total pressure

recovery and cowl pressure as a function of airflow.

Marquardt has used a simplified procedure using the equatirns of continuity combined with assumptions of
the expelled shock shape, to compute cow) pressure with variations in inlet airflow {(Ag). This
technique {is tedious and approximate at best. With the rapid advances being made in computational
aerodynamics, perhaps a good analytical model can be developed.

RECENT MARQUARDT TESTS

In 1974 Marquardt tested an axisymmetric inlet which operated in the unstarted mode at its design Hach
number of approximately 2.0. Ferri suggested this design approach in 1958 (see Figure 45 and
Reference 1). The subcritical stability of this inlet was excellent; however, 1its total pressure
recovery was reduced when compared to high performance fnlet designs.

Using the design philosophy of this inlet, its design Mach was increased to 3.0. The subcritical
stability of this fnlet, at 1its design point, was zero. Study of the test data and shadowgraphs,
supported by analysis led to the following conclusions.

i. The achievement of stable subcritical operation becomes more difficult as the design Mack
number 1s increased. The reasons for this increased difficulty are two-fold, namely, (1) the
increased tendency for shock-induced boundary layer separation on the compression surfaces, see¢
Figure 46, and (2) the inlet compression limits are more easily broached as the design Mac

number 1s {increased.

2. There fs evidence that the entrance of & vortex sheet finto the inlet 1s not of itsel
sufficient to cause inlet {nstability. There {s evidence, however, that a highly negative angleo
vortex at the 1ip may cause boundary layer separation from the internal cowl 1ip. This situatior
can occur only at Mach numbers equal to the inlet desiyn Mach number when the triple point is at
or near the lip. At Mach numbers above the design Mach number the triple point {is below and away
from the 1inlet 1lip. At Mach numbers below the design Mach number the i{nlet must spill
considerable afrflow before the vortex sheet crosses the inlet 1ip. As the expelled shock moves
forward, shadowgraph and schlieren photographs indicate that the vortex sheet angle rapidly
departs from the two-dimenstonal value which must exist at the triple point. In the case of
axially symmetric flow the vortex sheet angle appears to approach that of an axially symmetric
flow field streamline. Thus, downstream of the triple point the vortex sheet angle is positive,
It is thought that the angle of the vortex sheet relative to the internal cowl angle is important,
with small displacements in these angles having less tendency for creating separatfon from the
cowl 1lip. This observation leads to the conclusion that the internal cowl should not be floy
aligned at the design Mach number as is done in many conventional 1inlet designs. Rather, the
cowl should be aligned to produce a slight positive angle of attack with respect to the vortes
sheet that results when the inlet goes subcritical at its design Mach numbe'. In additfon, {19
may be found that cowl bleed could enhance subcritical stability for those cases where internal
cowl boundary layer separation is a factor.

3. The Orlin and Dunsworth inlet stability criterfa were applicable to the Mach 2.0 and 3.t
designs. This provided valuable insight into the design modifications required to improve inlel

stability at Mach 3.0,

Modified Mach 3.0 inlet designs were tested with success. Inlet stability was achieved at the desigi
Mach number, without the use of boundary layer bleed. However, the use of bleed improved subcritica
stability and total pressure recovery. As expected, however, inlet total pressire recovery was reducet
when compared to high performance inlet designs. Specific missile system performance trade-off studies
are required to properly evaluate the merit of this type of inlet.

EARLY MARQUARDT EFFORTS AT BUZZ SUPPRESSION

As an outcome of an extensive review of available information in the field, Marquardt, fn 1955, designe
a buzz suppression device which could be applied to .ny axisymmetric supersonic inlet and which woull
leave supercritical operation unaffected. The device consists of two parts (see Figure 47).

1. An annular slot, flush with the inlet center rone, located ahead of the cowl lip.

2. A chamber formed by the hollow inner body of the inlet cone, which communicates with th
slot and is otherwise closed.

The mode of operatfon of the device {is that the chamber acts as a pressure reservoir which absorbs o
counteracts the pressure and shock wave fluctuations characteristic of the onset of diffuser instabilit
The stabilizing effect on the expelled shock wave is {llustrated in the schiferen photograph (Figure 43




Aerodynamic models of two different inlets, a 50 degree cone and an isentropic spike, were tested over a
range of conditions with and without the suppressor and the results werc eacouraging. Figure 49 shows
the improvement achieved through the use of the device in early tasts. Of particular interest was the
rejatively greater improvement at Mach numbers near design. Here, stability fell to very low values
without the suppressor, but with the suppressor attached, stability increased.

The buzz suppressor was also tested in 1956 on a ramjet engine at Mach 2.2/7 degrees angle of attack
test conditions. Since percent spillage could not be measured accurately in the particular installation
employed, the fndications are qualitative. However, the baseline engine, which could be made to buzz
and blow out at .072 fuel-air ratio, remained buzz-free at .074 fuel-air ratio when the suppressor was

attached. '

A buzz suppressor patent (No. 3,046,733) was granted to The Marquardt Company in 1962. Figure 50 from
this patent, indicates that the surge chamber volume was divided up into four separate sections “so that
each space operates independently of the other at angle of attack."

Although the buzz suppression research briefly described above was highly encouraging, ramjet engine
packaging requirements precluded its use. The ramjet air turbine driven fuel pump and fuel control were
packaged into the centerbody of the early ramjet engines such as BOMARC. The use of a buzz suppressor

has not been considered in recent years.

CONCLUDING REMARKS

The arguments for a supersonic inlet which possesses a large amount of subcritical stapility are
impressive. However, survey of the extensive experience in this research field leads to two important

conclusions:

1. Inlet designs ‘which feature subcritical stability, almost without exception, operate at
critical total pressure recoveries significantly less than can be achieved with high
performance/no stability designs.

2. Currently there 1s no analytical technique that can be used to design high stability
inlets. The inlet designers' experience and the wind tunnel are the tools used to develop
such inlets. This is an expensive and sometimes dangerous path to follow. The development
of a new ramjet engine/flight vehicle s {initiated assuming specific engine component
efficiencies and operating characteristics. If 1t is {nftially assumed that a high
stability inlet can be developed and later test results say stability cannot be achieved,
program cancellation i5 a real consideration. Most engine/inlet designers, faced with this
possible situation, usually specify high performance inlet designs that do not require
subcritical operation to meet engine/flight vehicle performance requirements. If a high
stability inlet is truly required, its performance must be convincingly demonstrated before
initiation of the engine development program. :

MULTIPLE AFT INLET PERFORMANCE

Multiple (four) aft-mounted inlet systems have been successfully used in several ramjet flight test
vehicles and one operational missile system (see Figure 5). We believe the reasons for selection of
this type of inlet system were as follows:

1. Vehicle packaging c&nstraints did not permit use of a nose inlet system.

|
2. With a liquid fuel #amjet the increased shear contact area provided by four inlets dumping
into a common combustor results in high combustion efficiency with a short length combustor.

3. It 1s logical to assume that the performance of a ducted rocketb ejector 1s maximized
through use of a large number of air inlets located uniformly around the periphery of a
centrally located gaiigenerator (this subject is discussed later in this lecture).

4. The flight vehicles were designed for operation at low altitude, therefore, angle of attack
and/or yaw requirements were quite small,

As flight vehicle attitude and maneuver operating requirements increase, the demand for inlet operation
at high angle of attack becomes a demanding requirement. What are the performance characteristics of a
muitiple aft inlet system at largel angles of attack? Figure 15 presents the performance trends for an-
aft mounted inlet system. The performance of such a system, at angle of attack, is poor. The test data
also indicate that a "+" inlet configuration is preferred to an "X" configuration.

Are these inlet performance trends supported by other test programs? Yes - Krohn and Triesch of DFVLR
%Hest Germany) reported similar results, Their test data for an "X* and a "+ aft-mounted inlet system
half axisymmetric inlets) is presented in Figures 51 and 52. Study of these data lead to the same
conclusfons as discussed above. Krohn and Triesch data also shows extensive regions of reversed fnlet

flow,

The reasons for the poor angle of attack performance of an aft-mounted inlet system is we)l understood.
With a vehicle operating at large angle of attack, the four inlets “see* significantly different flow
fields. These flow field characteristics are summarized as follows:



1. The 1local Mach number and flow angle delivered to the bottom inlet are reduced when
compared to free stream Mach number and angle of attack. These characteristics result in
high inlet performance. ‘ :

2. The airflow is accelerated around the vehicle forebody such that the local flow angle and
Mach number delivered to the side mounted inlet is often larger than the flight vehicle
angle of attack., With most inlets this flow field results {n degraded inlet performance.

3. The tocal fl-w delivered to the top inlet is the real problem. An inlet located on the lee
side of the vehicle forebody typically sees regions of flow separation, reduced total
pressure and vortices. The twin vortices are particularly troublesome, The flow field
characteristics on the lee side of an ogive forebody were experimentally mapped by
Triesch. The results of this test program are presented in Figure 53. The presence of the
forebody twin vortices are beautifully i)lustrated.

Aft-mounted inlet systems typically employ a single combustion chamber. Therefore, as engine back
pressure is increased, the inlet operating at the lowest total pressure recovery (usually the lee side
inlet) {s driven rritical and then subcritical/buzz. Under these conditions the inlet system spills air
with a major loss in engine thrust and in severe cases, experiences inlet flow reversal. Flight
operation under these conditions is not practical. What can be done to improve the situation?

Strakas have been used with some success in high performance aircraft. However, as discussed earlier in
this paper (lecture), we believe that high performance ramjet powered vehicles, which typically require
high angle of attack operation, should employ one or two inlets. If a single inlet is used, it is
usually bottom mounted. High inlet performance has been demonstrated with chin (forward) and aft bottom
mounted inlets. If two inlets are used, they are mountec approximately 45 degrees from the horizontal

centerline,

It has been {mplied throughout this discussion that z bank-to-turn flight vehicle guidance/control
system will be used in advanced ramjet powered missiles. With a bank-to-turn flight control system the
inlet(s) typically experience only small angles of yaw/sideslip. Obviously, this results in high inlet
performance. The use of a bank-to-turn flight vehicle guidance/control system has been demonstrated in
several ramjet powered flight test/operational vehicles: (1) BOMARC A and "; (2) Bloodhound MK1 and MK2;

and ASALM-PTV, :

The use of a bank-to-turn versus skid-to-turn flight control system in advanced ramjet powered missiles
is currently controversial., Rocket powered missiles, almost without exception, employ a skid-to-turn
control system. What are the factors that must be considered in the design of a bank-to-turn guidance
system?

1. What flight control algorithms need to be developed?
2. Can these algorithms be packaged into small flight vehicles?

3. Will the flight vehicle aerodynamic time constants permit use of a bank-to-turn system at
high altitude flight conditions?

4, What is the effect of radome slope error (aberration) on missile miss distance?

We belfeve the radome slope error argument is the key issue. High performance air-to-air missfles, with
a small warhead, designed to attack a maneuvering airborne target are most vulnerable to this argument.
However, it is again pointed out that the ramjet powered B(MARC and Bloodhound surface-to-air interceptor
missiles employed bank-to-turn steering logic, were equipped with semi-active radar terminal guidance
and were operationally deployed €or many years. In fact Bloodhound MK2, after twenty years, remains in
operational status with the Royal Air Force, the Swiss government and the Singapore Air Defense
Command. BOMARC also continues in use as a high speed target vehicle for the U.S. Air Force.

The bank-to-turn versus skid-to-turn controversy continues and s sufficiently important that a major
technical meeting, dealing only with this subject, wiil be held in September (1984. at The Johns Hopkins
University/Applied Physics Laboratory. The meeting 1is being sponsored by the Guidance and Control
Information Analysis Center/ITT Research Institute.

Ramjet inlet performance is usually documented at § degrees, and in some cases 10 degrees angle of

yaw/sideslip. However, virtually no research in the United States has been directed to the development
of high performance ramjut inlets which tolerate operation at large yaw/sideslip angles.

COMBUSTION DRIVEN PRESSURE OSCILLATIONS/INLET INTERACTIONS

Corpustion driven pressure oscillations have been experienced in several small diameter tiquid fuel and
colid ducted rocket engines (ramrocket). These pressure oscillations have generally been experienced in
two frequency regfons. Low frequency oscillations typically occur in the 100 to 500 Hz range and high
frequency osciliations in the 1000 to 3000 Hz range. A Power Spectral Density (PSD) analysis of a
representative combustion induced pressure oscillation signal measured with a high fregquency response
piezoelectric pressure transducer is shown in Figure 54.

The high frequency oscillations, commonly referred to as screech, are typically the first and/or the
second combustgr tangential modes. This oscillation mode(s) generally increases combustion efficiency
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Can the low frequency oscillation, generally the first or fundamental combustor lYongitudinal mode, ccur
at a freguency sufficiently low to *"drive" the normal shock system of the ramjet inlet/diffuser? The
NACA, in 1950, demonstrated that a supersonic inlet could be driven critical and into buzz by both
combustion and mechanically produced pressure oscillations. In these tests it was observed that pressure
oscillations reduced the diffuser exit static pressure, at critical operation, by one half the total
amplitude of the oscillation (see Figure 55). In addition, it was noted that critical iniet operation.
with pressure oscillations, occurred when the maximum instantaneous diffuser exit static pressure
equaled the steady state (no pressure oscillation) critical operation diffuser exit static pressure.
Ltquid fuel ramjet freejet engine tests conducted in support of the Naval Weapon Center GORJE Program,
in 1977, again convincingly demounstrated that Jarge amplitude/low frequency pressure oscillations can
drive the normal shock system of a supersonic inlet into buzz. Figure 56 presents an inboard profile of
the GORJE test vehicle and Figure 57 shcws the pressure oscillation/inlet buzz test data. Notice that
steady state instrumentation indicates a pressure margin of 10X yet the inlet was driven invo buzz by
combustion induced pressure oscillations. The basic conclusicn drawn from the NACA and GORJE engine
tests (and more recent test programs) is that the inlet/engine designer must provide for an increased
inlet pressure margin when combustion induced pressure oscillations are experienced during the develop-
ment cycle of a new engine. This increased pressure margin requirement {s especially critical at .amjet
takeover conditions where ramjet inlet marains are typically small. Representative ramjet inlet pressure
margins during a mid to high altitude flight trajectory is presented in Figure 58. To compound this
increased inlet pressure margin requirement, the correlation of pressure oscillation data shows rapidly
increasing amplitude as free stream total temperature (flight Mach number) {s reduced (see Figure 59).
In other words, the amplitude of the low frequency combustor induced pressure oscillations are maximum

at ramjet takeover conditions.

The combustion induced pressure oscillation problem {s being actively researched by a number of ckilled
investigators. The purpose of tnis paper is not be present a treatise on the subject but rather to
relate the importance of this combustion phenomena to the inlet designer.

It is also of interest to the inlet designer that l1imited ramjet engine freejet test data strongly
suggests that the boundary layer bleed system of a supersonic inlet sharply attenuates the combustor
pressure oscillations that reach the inlet throat/normal shock system (see Figure 60). Obviously, this
acoustic a*tenuation process reduces inlet pressure margin requirements. This attenuation effect is not
well urderstood and should be further studied. ‘

'

DUCTED ROCKET EJECTOR PERFORMANCE WITH SINGLE, TWIN AND FOUR INLET SYSTEMS

BACKGROUND

The combined cycle engine combines the best features of the rocket and ramjet engines into a lightweight,
efficient power plant. This type of propulsion system is particularly well suited to acceleration type
missions. Three prime candidate missfons for this type of engine are (1) surface-to-air missiles,
(2) air-to-air missiles, and (3) air-to-surface missiles. .

Today, there is strong interest in the ducted rocket type of combined cycle engine. This engine employs
a solid fuel gas generator whose flow rate is fixed, or in more advanced designs, variable. This type
of propulsion system 1. also commonly referred to as a ramrocket or a rocket-ramjet engine.

With prior ramjet and solid fuel rocket/gas generator development experience, the key technology areas
in developing a ducted rocket engine are the ejector subsystem and the ramburner (afterburner). The
ejector performance parameters of primary interest are the jet pumping ratio and the mixer length
required to achieve full mixing of the secondary and primary flows. Jet pumping ratio is defined as the
ratio of the flow total pressure at the mixer exit/combustor entrance to the air total pressure at the
diffuser exit/ejector entrance. With ejector systems designed for application to ducted rocket engines,
this pressure ratio can be quite high and can exceed one, thus, explaining the use of the term “jet
pumping ratio®,

It is logical to assume that the performance o7 a ducted rocket ejector system (total pressure retia and
required mixing length) is maximized through use of a large number of secondary air inlets located
uniformly around the periphery of a centrally located gas generator. Ip recent years much interest has
centered on use of a symmetric four aft inlet system. This geometric arrangement offers high ejector
performance; however, there are airborne missile applications which will not permit the use of this
design approach (see Figure 61). Shown in this figure are pylon and body mounted external carriage
launch aircraft/missile installations and a semi-submerged launch aircraft installation. These launch
aircraft/missiie installations obviously lend theumselves to twin and single inlet configurations.

Inlet performance also dictates consideration of single and twin inlet/air induction systems. The four
aft mounted inlet system has been successfully emploved in several Flight research and operational
missile systems. This system functions well when vehicle angle of attack and yaw requirements are
small. However, advanced ramjet powered tactical missile systems under study today {particularly
Air-To-Air Missiles) emphasize high angle of attack operation (see Figure 6). Under these operating
conditions, the performance of the multiple (four) inlet system is poor (see Figure 62). In marked
contrast, single and two inlet systems, when located on the Tower surface of the vehicle forebody,
feature significantly increased inlet total pressure recovery and capture area ratio with increasing
angle of attack. These performance characteristics are well matched to advanced tactical missile system
requirements. As a consequence of the launch aircraft/missile installation and inlet performance
arguments presented above the basic objective of the experimental program described in this paper was to
compare ejector/mixer performance of twin and single inlet systems as compared to a symmetrical four aft
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EJECTOR TEST PROGRAM

Previous Marquardt testing with the liquid fueled Ejector Ramjet Engine (a1so a combined cycle engine)
showed that subscale aerodynamic tests (no combustion) produced ejector design criteria/performance
which were largely corroborated by later combustion tests. This type of testing is low cost and lends
itself to a highly flexible test program. Therefore, in this exploratory multiple inlet ducted rocket
ejector test program, a model aerodynamic test program was conducted.

The ejector test set-up used in this program {is shown schematically in Figure 64 ,and Figure 65 is a
photograph of the test set-up. Two ejector test items werz fabricated. One test item simulated a four
aft mounted inlet configuration while the second test 1tem simulated either a twin or single inlet
configuration. Both ejector test items were designed to accept removable ejector heads. This feature
permitted variations in ejector nozzle geometry including evaluation of single and multiple ejector
nozzles. Only sonic ejector nozzles were evaluated.

For this aerodynamic test program the ability of several inert gases to simulate the solid fuel gas
generator efflux were ccmpaced. These gases were nitrogen, carbon dioxide, heljum, ambient temperature
afr and heated air,. No single gas met all simulation criteria. Heated air was selected as the best
compromise. A SUE(E)burner was used to heat the primary air; the burner fuel was gaseous hydrogen.
Ambient temperature air was used as the secondary test fluid.

A simuiated ramburner or mixer/combustor was located downstream of the ejector test item. The length of
this simulated combustor could be changed by insertion or removal of cylindrical spool sections., A
large number of static pressure taps were located in the mixer/simulated combustor test hardware. . In
addition, two total pressure rakes were located downstream of the ejector test item. [Initial tests
employed a fixed ramburner exit nozzle; however later testing employed a variable area exit nozzle
(moving plug) to.more properly simulate engine back-pressure effects. Kepresentative ejector total
pressure ratio data measured with use of the variable area exit nozzle are presented in Figure 66.

It has been substantiated by other test programs that, when jet mixing takes place in a constant area
duct between fluids initially at very different pressure and velocity (or momentum ratio), the degree to
which mixing approaches completion is indicated by the axial wall static pressure gradient. Where the
gradient passes from positive to negative, mixing is essentially complete and the losses due lo wall
friction again dominate. Measured diffuser/mixer static pressure distributions for the four inlet
configuration tested are shown in Figure 67. It is clear from the static pressure data that mixing is
essentially complete two to three diameters downstream of the ejector. Additional test data showed that
the required mixing lengths for the twin and single inlet configurations were slightly longer (see

Figure 68).

Fifteen ejector nozzle/inlet configurations were evaluated in this test program. Testing emphasized the
twin and single inlet configurations because data showed these configurations to be sensitive to ejector
nozzle geometry. This was particularly true for the single inlet configurations. Representative twin
and single inlet test data are presented in Figure 69. Ejector/mixer performance sensitivity to changes
in ejector nozzle geometry 1is clearly evident. The ejector/mixer total pressure ratio performance
measured in this test program is summarized in Figure 70. Data are shown for the four, twin and single
inlet configurations with secondary to primary flow ratio as the primary test variable. Test data for
the best performing ejector heads were used to construct this figure.

CONCLUSIONS

The major conclusion drawn from study of the experimental data and supporting analysis developed in this
program is that a high performance, ducted rocket ejector/mixer subsystem can be developed using any
number of well developed/well integrated inlets. However, it is noted that ejector mixer performance
with twin, and in particular, single inlet configurations, {s more sensitive to ejector nozzle
geometry. Although not the subject of this paper, i1t is pointed out that the basic findings developed
2n :his exploratory development program were largely corroborated in later ducted rocket combustion
ests,
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FIGURE 45. CHOKED INLET CONCEPT PROPOSED BY A. FERRI (REF. 1)
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SOME ASPECTS OF ENGINE AND AIRPRAME INTEGRATION FOR
RAMJET AND RAMROCKET POWERED MISSILES

by
E.L.Goldsmith

Royal Aircraft Establishment, Aercdynamics Department
Bedford MK4l 6AE UK

SUMMARY

Ideally the subject of integration of a ramjet or ramrocket engine with an airframe
covers all aspects of the differencea between the performance of a complete configuration
of a missile with alr breathing propulsion inatalled and the tes* bed peiformance of an
engine added to the external aerodynamic characteristics of a body, wings and contrcls but
without nacelles. ‘

The partiéular aspects that are covered herein concern the nature of the flow
around a long circular body and the internal performance of single and multiple intakes in
this flow. To understand this performance, the performance of 1solated intakes at inci-
dence and yaw conditions has been reviewed, together with ways that have been suggested
for improving performance by use of variable geometry. The second half of the paper 18
concerned with external or alrframe aspects of integration ie the measurement of forces
and moments on missiles with and without nacelles and the estimaticn of drag componentsa
assoclated with nacelles.

NOMENCLATURE
A area Re Reynolds number
a speed of sound r,R radius
b wing span X,y,z spatial coordinates
CD drag coefficient a angle of incidence
(based on‘Ac or Am)
, Y ratio of specific heats
Cn normal force coefficient
(based on Ab) 6( ) surface elope
q diameter [ boundary layer thickness
D drag ¢ roll angle/circumferential
position measured from
L length windward bottom generator
M Mach number ] nose angle
| 4 total pressure ns PR pressure recovery %
p static presasure
p deasity
R gas constant
SUFFICES
b bcdy op operating condition
] cone/capture plane crit critical flow condition
a4 duct t total or stagnation
r 8t the end of the asubsonic w,p wave
diffuser or in the combus-
tion chamber, W diverter
skin friction
L local
cP centre of pressure
S survey statinn
1 11p position

free stream
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1 INTRODUCTION

The topics of airframe engine interaction and the closely allied, but not synono-
mous, one of airframe engine integration, have been subjects of international and of

natinnal conference papers since the advent of lJet propulsionl»z’a’“. In early deaigns of

jet propelled aircraft this interaction was often of a loosely coupled nature. With the
air intake in the nose of the aeroplane (as on the Oloster Whittle jet, the F86 and the
F100 etc aircraft) the interaction was more a p . oblem of design than of aerodynamic per-
formance. The designer's problem was the location of fuel, armament, radar (and not leact
the pilot) when the fuselage was largely occupled by duct and jet engine. When two
engines were needed the problem was more difficult, as witnessed by the convolutions of
the ducts of the British Aerospace Lightning alircraft, and engines were often placed in
separate nacelles on the wirgs as on the Messerschmitt 262, Gloster Meteor and more
recently SR71 aircraft. Here agaln, the interaction was more on overall alrcraft design,
wing mounted nacelles affecting rolling moments of inertia, engine out yawing moments etc.

Many factors have been responsible for a closer integration of engine and airframe
for military alrcraft, so that engine or engines remain in the body but the duct does nct
completely obstruct the main carrying capaecity of the fuselage. All current military
aircraft other than the large long range aircraft such as B52 and Bl adhere to this

formula.

The history of missiles with air breathing propulsion has followed a similar evolu-
tion. Early liquid fuel ramjet designs of the 19508 were a mixture of pod mounted
(Bomarc and Bloodhound Figs 1 and 2) and nose intake designs (Talos Fig 3) and even in
the 19608, Sea Dart (Pig 4) continued this approach. With the need for more volume fcr
stowage of fuel and warnead in the body and the particular needs of the guidance and
homing radar to occupy an unobstructed position in the nose, more recent missile designs
have alinost exclusively followed the aircraft trend. Intakes have been placed on the body
sldes, top or bottom or in all four positions and usually located half way or even further
back along the body length, as in the ALVRJ (Fig 5). From the point of view of intake and
engine efficiency, undoubtedly the best place for en intake 1s under the body and close to
the nose as in ASALM (Fig 6). The missile must theu be controlled as an alrcraft by
banking to turn (twist and steer) so that whatever manoeuvre 18 pursued the intake always
remains on the underside of the body at positive 1ncidence. Arguments between the merits
and elements of twist and steer versus Carteslan control for alr-breathing weapons will

probably ccntlnue indefinitely.

With engines in the body and intakes on the slde and/or top and bottom of the body
interaction between body and intake aerodynamlcs 1s closely coupled. At small angles of
incidence and in the absence of an adequate bleed or diverter, intake internal performance
is largely determined by the severity of the interaction of the intake shock system with
the body boundary layer. At larger angles of incidence the body flow fleld has a domi-
nating influence on intake internal performance and on the quality of the flow delivered
to the engine. Drag, 1ift and pitching moment increments due to the addition of nacelles
can be comparable to those due to wings and body. Other more subtle influences are felt
for instance in the design of the S-shaped ducts that are required to turn the air into
the body. If this portion of the duct can be kept short then less useful volume in the

body 1s consumed.

The object of successful engine-alrframe integration 1s to make these closely
coupled configurations at least workable and possibly even competitive with nose mounted
intake or single intake bank-to-turn configurations. The object of this paper is to
summarise and correlate, where possible, some of the published (and unpublished) material

that is relevant to this aim.

2 BODY PFLOW FIELDS
2.1 FLOW AROUND SLENDER CIRCULAR SECTION BODIES AT INCIDENCES FROM 0' TG 20°

For ogive nosed axl-symmetric bodies, flow changes in typical intake locations
compared to freestream conditions are falrly minor in the incidence range 0°-4° or 5° in
relation to the very considerable changes that take place between 6° and 20°.
Nevertheleas, if an intake 1s placed in the nose flowfield effects are not insignificant
and indeed with the right cholce of nose shape can be favourable to intake performance.
Filg 7 shows the varliation in Mach number on the body surface with change in body shape at
M_ 2.0 and a 0°, The tangent ogive shape has advantages over only the first half of the
nose length. PFig 8 thows how the effect of the nose flow changes with dlstance away from
the body surface and position downstream from the nose. Radial changes near to the
tangent point of the nose profile are significant but are not so further downstream. At
small angles of incidenc differences in local Mach number and flow angle start to appear
between top (leeward) aside and bottom (windward) of the body which again vary with radial
and longitudinal position. The magnitude of .hese changes are illustrated in Fig 9. As
incidence increases the boundary layer thickens conslderably on the lee side of the body
(Pig 10) and at incidences typically in the range 6°-10° (depending primarily on body nose
angle), boundary layer acc¢immulation on tha2 lee side forms into two discrete vortices
(Pig 11). When this happens, the flow around the upper half of the body becomes complex
and only windward and side positions can be expected to have reasonably uniform local
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A complete flow fleld is shown in Pig 14, Intake centrelines are usual.iy in the
' region r-l‘B/rR of 0.3-0.5. On top and bottom generators local values of incidence are
thi

. half to tw rds the freestream value. On the body side local incidence 1s 50-60%

' greater than freestream incidence. In the upper quadrant, local incidence 1s of the same
order but the flow 1s now very non-uniform with local cross flows that may be supersonic
and accompanied by embedded shocks. Even away from the core of the vortex where the
intake might be expected to avoild ingesting very low total pressure air, the combilned
erreﬁt of high sidewash and upwash will be deleterious to any type or orientation of
intake.

Experimental evidence on longitudinal locatlon of vortex separation (Fig 15),
together with vertical and lateral locatlion of tho vortex cores (FPigs 16 and 17), 1s
highly variable. This 1s probably due to the influences of Reynolds number, position and
size of boundary layer trip and Mach number as well as the maln geometric influence of
l nose fineness ratlo. Most experimental observations however agree that vortex cores are

located circumferentially between 20° and 40° from the top generator position (Fig 18) and
this vitally affects intake performance in this regilon. Although the exact position of
the twin symmetrical vortex cores 1s difficult to predict there 18 even more variabllity
when at & higher angle of incidence the vortex cores become asymmetric and can vary in
position with time. Fortunately, as shown in Fig 19, the combination of nose fineness
ratio and incldence that leads to the productlion of asymmetric vortices is generally out-
aldgot?e region of interest to missiles with air-breathing engines (Ln/db 2 to 4 and a up
te 20°).

2.2 THE INFLUENCE OF BODY MOUNTED STRAKES

LV

When a body-mounted intake 18 rolled from the top position i1t must inevitably pass
through or close to the vortex cores that are shed by the body at incldence (Fig 20).
However, i1f sharp edged strakes are placed aloeng the length of the body parallel to the
centreline then these strakes will fix cross flow separation at a specific circumferential
position. This position then moves round as roll angle 1s varied instead of remalning
fixed in space as 1n the case with the unstraked body (PFig 20). Mecasurements have been
made from vapour screen photographs taken with a camera mounted on the sating and
k downstream of a straked body. Data for a 10° at M, 1.5 1s shown in Pig 21. Vortex
: positions are shown relative to the viewpoint of an observer on the top strake looking
upstream as the body 4is rolled from the top position to the side position (¢ 180° to 90°).
The particular orientation of the strake shown is for ¢ 165° but the envelope of the
. positions applies for all values of roll angle. It should be emphasised that these are
i not the absolute positions 1in space of the vortices but are the positions relative to the

body as roll angle 1s changed. An indication of the size of the vortex cores as Judged
from the photographs 1s given by the width of the envelopes enclosing the vortex centre
positions. It is clear that a location midway bhetween the strakes 1s not a good position
: for an intake at this incidence of 10° as it will be affected by the vortices shed by the
- strakes on elther side of 1t at the approprliate positive or negative roll angles. However
- there 1s a small region directly over the top of the strakes which 13 free (or nearly 8o)

LR AR
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: of vorticity at all positive and negative roll angles. This would be the best location
l for an intake (Fig 20). A similar situation would be obtained by the use of a square-
section body, where the best position for an intake would be at the corners of the body

. (Pig 20).

N Variation of pitot pressure for a radial position corresponding to the centre of a
typical intake at L/G, 7.5 18 shown in Plg 22 as roll angle is varied at incldences cf 10°

:- and 14° both with and without strakes. Without strakes a large trough of low total

. Bresuure at about ¢ 150" appears as the pitot tube passes close to the vortex centre.

r ith strakes thils trough almost disappears at the lower incidence and 1s much reduced in
- extent at 14° incidence.

{: 3 INTAKE AND ENGINE MATCHING AND DEFINITIONS OF INTAKE PRESSURE RECOVERY

- Before considering intake performance, some digression is needed on the bases of
. comparison of pressure recovery. The intake flow states of supercritical, critical and
L subceritical are too well known to require explanation. Pressure recovery at the critical
i‘ flow condition n has been a convenient performance parameter for use in aircraft

- where varlable g%SKEtry intakes and only small excursions from crulse incidence at super-

sonic speeds has also made this condition close to the matched intake and engine flow
state. This i3 often not co however for highly manceuvring missiles with fixed geometry

intakes.

Matching of intake and engine flows for 1iquid fuelled ramjets 18 a relatively
simple procedure.,

. e -
PP
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Welght flow through a streamtube of cross sectional area A is:

W= oVA = paMA = ’15 pMA
RT
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M [1 + l—zl M2] v-1)
Ae
X +1
1+l Y-
2
+1
_ ar [y1] = T
W ’,}% AP - [2] (n
At supersonic speeds when the nozzle &t the end of the combustion chamber 1s ‘
choked: .
1n+1
v.+11" Z0v =D ’1 A
wn_[n] n & r}’n“_&:_l (2)
" 'It
n
At entry to the combustion chamber:
7f+1
T [”r”l] HEPRY) rv,g Afe (g) ' 3)
roLe Re /'I';; Ae

If the added fuel weight and the difference in y and R between the incoming air
and the exit gas stream after combustion are ignored then:

AP ApP
W, = W_ and therefore 20 . _LL (ﬁ
n T

f
T
tn *'r
and Af nozzle exit area An is constant

iT,
A t P
Iﬂ = constant = n -P—t- («ﬁ—a (4)
o T "

T

Similarly the incomling free stream tube flow W_ = p 80 that

). - A2

t

and hence

A
A!) - L= 1 A% -
(A I; '?;7?: (A because T, T§

A
A t X
thus 4= = constant = n (ﬂ §;7-§- (5)
o] ﬂr—' -
e

as Pn/Pr = 1,0 .

Engine operating curves for different values of heat addition 'I‘t /Tt on the intake
characteristic of A./Ac versus Pf/P_are thus straight lines throweh the"origin with
differing slopes.

In particular from equations (4) and (5) 1t follows that:
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3-5
TABLE I
A /A Intake
Variable Tt Tt Mr »’ "o operating
n f FF/P. point
}

If more fuel increases constant decreases decreases )A_/A decreases at
1s added )constant P./P_ or

‘ ‘ )P,./P_ incréases at
If altitude is constant decreases decreases decreases )cgnafant A /A, .Intake
increased from Jmoves from suber-
sea level Jeritical to suberiti-
towards the Yeal or from critical
tropopause Jto subcritical

Yeonditions
Ir flight constant increases increases increases JA_/A, incrcases at
velocity yeonstant P /P_or Pr/Pe
increases at )Ydecreases at
constant Jeonstant A_/A .
altitude )Intake moves Irom
Ysuberitical towards

If less fuel decreases conatant increases increases )supercritical
is added . )eonditions

From tris it can be seen that (a) 1t may be possible to keep the intake at approxi-

mately the sare condition as the ramjet engine accelerates and climbs from a ground launch
(b) for a given temperature rise there 1s a tendency for acceleration to be limited as

intake recovery falls in the supercritical regime and thrust decreases.

The ramjet engine is opposite to the turbojet in its reaction to ambient and to
engine conditions eg reduction of turbojet rpm on closing the throttle 1s assoclated with
reduction in fuel flow and results in the intake moving towards the subcritical regime
whereas closing the throttle and reducing fuel flow in the ramjet results in moving the
intake towards the supercritical flow condition.

If the ramrocket and solid fuel ramjet are viewed as devices that increase the

total temperature in the combustion chamber the same matching precepts apply.

For the

ramrocket the matching process could be complicated by the fuel rich under-expanded gas
from a central nozzle restricting the passage of incoming air from the intake duct. In
that case, part of the matching process could be similar to that encountered between

secondary and primary streams of a supersonic ejector nozzle.

Fig 23 shows match points at the intersection of intake characteristics and the
stralght line constant Mg (constant temperature ratlo) curves of an engine characteristic
n

as angle of incidence c¢h

ges at constant freestream Mach number.

The parameters Nepig?

the conatant engine demand "limiting a and “operatiAg are made clear by the matching
symbols used, "operating or npp is a more sophistlcgted version of "limiting o in that 1t
follows a constant engine demand line up to a limiting incldence a such as a, and then by

decrease in fuel flow the operating point ia made tJ‘move across engine demand lines to
stay within the stable flow limit of an intake. "utiliaable as the suffix suggests 1is

It is the pressure recovery at zero incidence imposed by the need for

Prench in origin.
keeping constant engine demand lines at incidence w

TthIn Intake stable flow limits. When

its value is lower than the zero incidence value the becrement is the penalty in pressure
recovery incurred at zero incidence for operating the intake in a siable condition at

incidence.

In this paper N.pyt 804 ngp 8re used.

lhe former because it is widely available in

the literature and the latter as it 1s a more realistic matching condition but
nevertheless exploits the advantages of a ramjet than can be throttled.

b EFFECT OF FLOW ANGLE VARIATION AND OF BODY PLOWFIELD ON INTAKE PERFORMANCE

4.1 EPFECT OF PLOW ANGLE VARIATION ON PERFORMANCE OF ISOLATED SUPERSONIC INTAKES

It 1s important to know the effect of flow angle variation on 1solated intake
performance before studying effects of the body flowfield.

Por supersonic intakes with wedge compression surfaces that are normal to the plane
of incldence, probably the most important influence on pressure vecovery 1s the varlation
of shock loss y%th ghangg in attitude of the compression surfaces. Fig 24 shows the
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indicates that extra-to-shock losses are controlled so that pressure recovery change with
incidence closely parallels the variation of shock recovery. If the wedge compression
surface is parallel to the plane of inclidence variation of shock recovery is not easily
calculable. Plow over the yawed wedge compression surfaces is largely influenced by the
presence or absence of swept endwalls that enclose the compression wedges. Plow expanding
round the windward endwall may increase local Mach number in this region and the wedge
shock will approach or enter the cowl lip. On the leeward endwall the opposite will
occur. Reduced pressure recovery will result from coalescence of wedge shocks within the
cowl 1lip and possibly from separation and vortex formation along the inside of the swept
windward endwall. Removal of both and in particular the windward swept endwall reduces
the fall off of pressure recovery with increase in angle of 1incidence (Pig 25). However,
this increases drag and reduces pressure recovery at zero incidence due to supersonic
spillage at the ends of tho compression surfaces. .

The flow pattern for an axisymmetric centrebody intake is generally more complex.
The 1nitial cone shock wave angle changes by much less than the change of centrebody
centreline angle so that the windward 1ip movea towards the cone shock and the leeward
lip away from it. Thus the variation of pressure recovery 1s largely affected by the
shock wave aagle 8 relative to the 1lip position angle 6, at zero incidence. If 8_ « 01
then intersection Of cone and normal shock cccurs within the windward cowl 1lip as "nets
dence 18 increased, with a consequent loss in pressure recovery. The effect is clearly
shown for single and two cone centrebody intakes in Fig 25(a). As freestream Mach number

is reduced from the shock-on-l!p Mach number (MSOL) there 13 a reduction in both

terminal normal shock Mach number and a movement of the conical shocks away from the cowl
1lip which lessens the fall in recovery with incidence (Fig 27(a)). Ulecrease in 8.
(increase 1in "SOL) to remove the cone shock from the cowl lip however results in a longer

compression surface. This gives an increasing thicknesas of boundary layer which tends to
accummulate on the leeside of the centrebody and results in lower recovery and increased
engine face flow distortion (Fig 28). The corresponding changes to maximum flow ratio
are shown: in Figs 26(b) and 27(b).

h.2 REDUCING THE SENSITIVITY OPF ISOLATED INTAKES TC CHANGE IN FLOW ANGLE

It 1s not difficult to devise ways of decreasing the rate of fall of pressure
recovery as incidence increases in one direction. Intakes for highly manceuvrable
aircraft or missiles can be placed under the body or wing, so that local tlowzgngle at
intake entry plane 1s practically invariant with change of angle of incidence”” . At
supersonic speeds, increase 1n angle of incldence also decreases entry Mach number,
usually with little decrease in local total pressure. The same result can be achieved by
the addition of a plane surface above and in front of an intake. This 1s the principle
used in ; e staggered or raked side intake proposed for highly manoeuvrable strike~fighter
al{rcraft® . A rather larger pre-compression shroud has been shown to increase pressure
recovery and capture flow for a rectang 'ar intake at supersonic speeds in Ref 25
(Fig 29). The uce of swept or unswert f .cr plates for half axisymmetric intakes and a
visor with axisymmetric intakes have bec- suggested (Ref 26, 27). At positive incildences
above about 6° the half axisymmetric intake 18 generally superior (Fig 30) to the
axisymmetric intake with or without a visor.

A slightly increased recovery 18 obtained at high incidence by pivoting the centre-
body of an axisymmetric intake so that 1t is aligned with tre incident flow. This 1is
further enhanced by raking the entry plane aso that the lower 1ip 1s clear of the conical
shock (Fig 31). 1If the intake has to be equally efficient at both positive and negative
incidences then the further complexity of plvoting both the centrebody and cowl is needed.
Pig 31 shows this combination to be very efficlent up to the highest angle of incidence
tested (14°)., Another variable geometryzgrrangement 1s the asymmetric compression surface
housed within a circular section nacelle®”, The only tests of this arrangement showed
inferior performance at a 0° to the equivalent axisymmetric intake but better performance
at incidence (Fig 32). Addition of boundary layer control on the compression surface and
a more refined design method could probably enhance the performance of this intake which
in concept should roll so that the compression surface 13 always in a favourable position

with respect to the incident flow angle.
4.3 EFFECT OF BODY FLOWFIELD ON SINGLE INTAKE PRESSURE RECOVERY

Single intake pressure recovery 1s a function of angles of incidence and roll, of
the longitudinal position of the intake on the body and of the boundary layer bleed or
diverter helght. At incldences up to about 6* before twin body vortices are formed e
(particularly if the intake 18 not far downstream of the body nose tangent point) the Lo
accummulation of boundary layer alr on the leeside ensures that minimum recovery occurs at ":
the ¢ 180° position (Pigs 33 and 34). At a 10* the ingestion of a body vortex into the 4
intake results in a minimum recovery at the ¢ 130°-150° position in accordance with body

flowfileld data (Pig 34).

The underbody intake (¢ 0°) has an innate superiority at all incidences over all
other positiona (Figs 33 and 34), including the nose intake (Pig 26). However, despite
the decrease in boundary layer thickness with increase in incidence on the windward side
of the body (Fig 10), the effect of body cross flow leads to rapid .eterioration of
recovery as roll angle increases from 0 to 45° at a 10° (PFigs 33 a-d 34).




Wedge intakes follow the same trends as half axisymmetric intakes (Fig 35). The
beneficial effect of throat bleed and the deleterinus effect of placing the intake on a
flat face on the bcdy should be noted (Fig 36). An inverted two wedge intake follows the
same pattern with reapect to variation of recovery with roll angle as the other intake
types (Pig 37). The graph summarising recovery varlation with roll angle at a 10° .
(Fig 38) 1s notable for showing the similarities rather than disparities in performance as
intake type and freestream Mach number are varied which confirms the univecrsality of the
influence of ingestion of a body vortex. The graph summarising side intake performance
(Pig 39) in contrast shows the wide variation in recovery obtained with different intake
types in croass flow. This assumes great importance in the performance of multiple intakes

as will be shown in the following section.

h.4 MULTIPLE INTAKE PERFORMANCE

The performance of multiple intakes is inferior to that of single intakes for the
same incidence and roll angles for two reasons. The first is associated with the extra
loss due to mixing (and in some cases due to 'dumping' ie a sudden enlargement loss) of
the flow from the separate ducts at the entry to the combustion chamber. The second, with
the matching that is imposed on individual duct flows by compatability conditions at the
mixing plane which results in each intake operating at a different point on its individual
characteristic of recovery versus flow,

Some indication of the relation Qgtween losses due to mixing and the angle at which
the duct flows merge 18 given in Fig 40°°. Overall loss for multiple intakes at 0°/180°
roll angle as incidence 1s varled appears to collapse reasonably in to bands dependent on
intake type by plotting the ratio of kinetic energy efficiency to that at zero incidence
(at critical point conditiors), Fig 41, Kinetic energy efficiency is defined as the ratio
of the kinetic energy of the diffused stream after isentropic expansion back to freestraam
to that in the freestream. Its relationship to pressure recovery 1s shown in Fig 42,
Variation of critical flow ratlio with incidence 18 as important as the variation of
pressure recovery and this 1s shown for ¢ 0° or 180° in Pig 43,

The influeuce of body vortices at aagles of incidence abcve 6°-8° &nd roll angles
of 20°-35° from the top position 1s as large as it 1s for single intakes. Fig 44 shows
values for recovery variation with roll angle at a 8° for four axisymmetric intakes at two
different diverter heights and with strakes placed between the intakes. At this incildence
the affect of strakes 1s to anchor the body vortices in such a position that places them
below the intake. At a 12° however (Fig 4i4) the stronger vortices shed by the strakes now
impinge on the intakes and performance suffers accordingly. As with single intakes, the
influence of increased diverter helght 1s much smaller at this incidence than at lower

angles,

Figs 45 and 46 show contours of constant n,, over a range of both incidence and
roll angle for rectangular intakes mounted convenggonally and inverted. Miasmatching
between intakes leading to unstable cperation does not allow measurements to be made at
some combinations of roll and incidence angles, particularly for the intakes mounted
conventionally. Tre matching of individual intake flows has a large influence on the
performance of multi-duct arrangements. Fig 47 shows that for two intakes at the top and
bottom positions pressure recovery 1s almost Invariant with change of incidence up to 16°.
If four intakes are combined however the mean recovery of the top and bottom intakes falls
with increased incidence at almost the same rate as the mean of the two side intakes.

The matching condition of equal static pressure where the four intake flows
coincide results in the high performance at the top and bottom positlions being reduced to
the performance of the side intakes by forcing the top and bottom intakes to coperate in a
supercritical condition (Fig 48). Similarly when the body 1s rotated so that the two
leeslde intakes are ingesting the body vortices then these intakes are forcing the
supercritical operation of the two windward intakes. The total extent of supercritical
operation imposed upon one intake when operating in the presence of the other three as
roll angle 1s varied is shown in Fig 49.

If the vortices can be prevented from being ingested, multiple intake performance
will be raised at the ¢ 140°-160° position. However the poor performance of the side
intakes at the ¢ » 90° position will still result in a minimal performance at this

condition.
5 MEASUREMENT OF FORCES AND MOMENTS ON MISSILES WITH NACELLES

5.1 TECHNIQUES OF MEASUREMENT AND EXPERIMENTAL PROCKAMMES

Conslderable experience has been obtained in the measurement of forces and moments
on aircraft models that have nacelles with free flow ducts. Attempts to increase accurary
of measurement of external forces by mounting nacelles only on a balance have not been
successful for a variety of practical reasons. Apart from these reasons measurement of
forces on part of a complete configuration 1is not to be recommended because interference
forces can be carried on parts of a model that are non-metric as well as on parts that are
metric. It 1s better to measure forces and moments on a complete configuration and build
up incremental values by the addition of components such as nacelles, wings, ccntrols etc
step by step. Models are almost invariably held by a rear sting with the ducted flow
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can be attached to either the metric or “he non-metric pert of the = 7. and cannot be
varied whilst the tunnel 1is operating. To provite .. f'clent exlt ursn "0 ensure
supercritical operation of the intakes, the boatte. -t re, -~ o o nuo :lles =nd hody may
have to be modified or truncated. Incremer* 1 forces (particuta... -+~ agrceletad with
correct geometric representation of the hoatiail and bare regi-is ana L.2 :ffect of
underexpansion of the Jet 1ssuing from the weal c¢ii1 .7.r -r2zles {as cpposed to the free
flow annular nozzle of the model) have to be measure¢ = a sepa:~*- . ‘42l with augmented

Jet total pressure,

Similar programmes of measurement of for¢os ar i wonenta ~n oo lles pius succecalve
additions of wings, controlc and nacelles have beer ma* ~° MA34, ONEnA and RAE. The

models are all mounted or. five or six component stroliun . La’anr~as that are shielded

from the duct flow, and measurements of base press” : nd internal fucces are made to
The extensive tests

correct balance measurements and obtain external forcss and moments.
reported in Refs 36-38 were conducted with single and twi., ’atake configurations with and
without a wing and tall controls. The intakes were both rectangular and axisyumetric and
were tested with one value only of exi* areg /™~ 50). ™c_.ts in tunnel S2? tadane by ONERA
and in the 8t x 8ft Tunnel at RAE (™ + .»d) Lave been done sn models with egbout twice the
body dlameter of the NASA model. The ONERA model (¥iz 51) has a fixed choked exit with
exit contraction attached to the metric part of the model, Momentum at the choked ezxit 1is
cstimated from statlc or total pressure measurements upstream of the exit. In the RAE
model (Pig 52) the exit mcmentum station 1s upstream of ihe non-metric variable exit area.
Skin friction forces are estimated on the small portion ~f the ov*er wall of the annular
duct that is downstream of the rake #nd added to the - .. i.ur change evaluated from
freestream to the rake station., The total pressure rakes have large ~learances from both
outer and inner duct walls so that metric parts of the model are not contacted when the
model deflects under normal force loads at high incldence. A calibration using a statie
flow rig such a3 the Aircraft Hesearch Assoclations Mach Simulation Tank (MST) 1s
necessary for the accurate evaluation of intarnal momentum and mass flow from the rake
pitot and static pressure measurements. Thec current range of model geometrlies and test

conditions is shown in Fig 53.
5.2 NORMAL PORCE AND CENTRE OF PRESSURE CHANGES DUE TO ADDITION OF NACELLES

Although nacelles are separate entities that are added to the basic body, results
of Refs 36-38 (unlike ONERA and RAE measurements) do not include body. alone data., Normal
force and centre of pressure estimates for a cylindrical body with a tangent oglve nose by
the semi-empirical British Aerospace ABACUS method have been shown to be accurate.
Estimates using ABACUS and incremental forces measured due to the addition of talls on the
single intake configuration have enabled incremental normal forces to be derived for both
single and twin intake configurations (Fig $4,55). Rectangular nacelles act &3 more effi-
client wings than circular nacelles over the whole incidence range and, as would be
expected, the addition of nacelles and taills shifts the centre of preasure (measured from
the body apex) rearwards from the body aljine position. Normal force increments measured
at ONERA on single and twin intakes at incidences from 0° to 7° agree very well with NASA
measurements. The addition of a single underbody intake results in a small deterioration
to the lifting efficlency of the body. Increase in freestream Mach number from 2.5 to
3.95 leads to reduced normal force slope from 0° to 10° incldence but thereafter the siope

is little changed (Fig 56).

RAE and ONERA measurements have mainly been made on four-intake arrangements.
Variations with incidence of incremental normal force and of centre of pressupre position
are shown in Fig 57 and exhibit the same trends as those observed for the two intake
configurations. Variation of normal force increment with roll angle for four rectangular

intakes 1is quite small (Fig 58).

Fig 59 summarises the changes 1in nacelle normal force increment in comparison with

wing normal force increments with net span which 1is relevant to launcher dimensional
constraints and with net planform area. On a planform basis obviously the nacelles are

inefficient with respect to wings but on a span basis this is not so evident.
6 DRAG OF MISSILES WITH AIR BREATHING PROPULSION
6.1 COMPONENTS OF DRAG AND THEIR MAGNITUDE

Total missile drag 1s made up of wave and skin friction drag of the four main
components, body, wings, controls and englne installation together with interference
between these components and the drag of miscellaneous items such as serials, leaks,
surface roughness and excrescences such as cable ducts etc. Engine installation drag
components are cowl, pre-entry (or additive as 1t 1is known in the USA) intake spillage,
body boundary layer bleed or diverter, conpression surface bleed and afterbody.

These ore 1llustrated diagrammatically in Fig 60 and all except afterbody drag will
be considered in more detall. The concept of pre-entiry or additive drag is well known and
follows from the conventional definition of engine thrust as being the change of pressure
and momentum forces for the flow in the ingested streamtube from freestream to nozzle
exit. If engline and intake matching ensures that the intake 1s alweys operating 1n a
critical or sup~rcritical condition then, depending on shock-on-lip Mach numbL.» MSOL’

the intake 18 operating at datum flow (Fig 60(a)) or at meximum (or full) flow with




confined to cowl wave drag Dcowl and skin friction drag. If at maximum flow, compres-

sion surface shocks are ahead ofthe cowl lip and there is a2 wave drag due to pre-eniry or

supersonic fcre-spillage, 'pre , to be added to cowl wave drag (Fib 60(b)) so that:

D = D + D

w
° co 1o

If the intake is orera ing in the subcritical regime with the cowl 1lip shock
detached (Fig 60(c)) then:

Doyt ™ Dpre * Doowr ™ Dpreo + Dcowlo * Dapin1

or

= D -D + D -D

Dsplll pre pre cowl cowl°

The change in cowl wave drag aD ... (= D oy - Dcole 1s usually a small negative

quantity that slightly offsets the large increase in pre-entry drag (Dpre pre ) that

occurs when all or part of the fore-spillage 1s subsonic. Designers of missile§ with
ramjet engines generally try to avold operating intakes subaritically. However, 1f the
intake has excessive (1e non-self starting) interiual ccntraction then the critical and
supercritical flow regime 1s 1dentical to a subcritical flow regime as regards external

wrag.

An 1llustration of the wide range of values for drag components for two designs
(nose mounted intake and side mounted intakes) 1is shown in Table II.

- TABLE II
Component Nose mounted intake Body side mounted intakes
Wave % Skin friction % Wave$ Skin friction %

Cowl 35 2 )
Diverter - 12 ) 11
Afterbody 15 2 )
Wings and controls 15 7 21
Body 14 ) 52
Miscellaneous 14 )

A more detalled br:akdown of intake drag for body mounted nacelles has been given
in Ref 39 and 1s shown in Table III.

TABLE III
Intake type Rectangular % | Half axisymmetric % | Axisymmetric %
Component
Cowl and endwalls 6.0 6.5 6.0
)

Pre-entry 1.5 2.0 1.7
Diverte: or bleed h/d

0.033 2.5

0.953 2.0

0.066 6.5

0.1 8
Compression surface 5
bleed

Somﬂ ot the large differences in componeut drag are due to different standards of
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6.2 ESTIMATION OF DRAG

6.2.1 AXISYMMETRIC AND HALF AXISYMMETRIC COWLS

Historically some of the first predictions of wave drag for cirdular pitot intakes
were obtained using linear or first order theory. Using the linearised equation:

2 2
oy L @2 2% 412 .

ar ax2 rar

where ¢ 18 a perturbation potentlal defined by

= 32 -—ai
up 5% and vp 5t

"and u = U+up s, V = vp

up and vp << U, up and vp << 8

12.1ghthi11“°"'l derived expressions for pressure coefficlents ogzslendev bodies with
both continuous and discontinuous variations in body slope. Fraenkel extended this to
open nosed bodies of revolution and obtaingg expressions for drag of both conical and
parabolic cowl shapes, Willis and Randall appllied slender body theory to a family of

curved profiles defined by:
R = xyn
R, - (R, ~ R,)(1 = ) “where n> 1

which includes the conical (n = 1) and the parabolic cowl (n = 2) (Fig 61) to obtain a
general expression for drag (if n is an integer and greater than unity) as:

2
2 R R A A
L [ 2 [ [¢] c 2
C = 2 - n ;u + 8 + v + log
D (R ) ( Rm) n n Rm n Km Im e BRc
L
where L Bn and T, are functions of n and are plotted in Fig 62.

The conical profile (n = 1) has two'discontinuities in slope (at the beginning and

end of the profile) and the expression for drag is:

2
2 R R ) A A A R
L) " =& e 1 _1_¢ -c 2__.¢ c
% (%) 2(“Rm) R -2 “m*(“nm)““e 7 - T 1% R
L

A simpler expression for the wave drag of conical cowls was deduced by Ward*® using
quasi-cylinder rather than slender body approrimations as:

D 2 L
c - = = 4 ey {2
where Ul(x) ia shown plotted in PFig 63 and 6, 18 the cone semi-angle in radians and R 18 a
mean radius. Warren and Gunn“® showed that the simplest mean radius R = (R.+ R _}/2 does
not glve plausible results when R becomes much smaller than Rm and the opeﬁ nofe body
tends tcwards a solid cone. A weighted mean radius R® = (R§+R§)/2 gives a better result
for area ratlos R2/R2 from 1.0 to 0.2 so that the expression for drag coefficient based on
maximum area becomes?

R 2 = (1 - ‘gﬂ)
D 2 m Ve 4
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Fraenkel“® used quasi-cylinder approximations to derive the following expression
for the drag of parabolic profiles:
= o\4
)

¢ (L)z. S ,_ﬁ) T(&
D\R, (L/R)‘? (L /L)" sﬁ)
m b
where T{x) 1s alaso plotted in Fig 3.

Lbia the length of the full body and L i3 the length of the open nosed body which
is a part of the full length bodv.

2
(i

-~




slender body and quasi-cylinder approximations for conical and parabollc profiles are

given in Ref 46, Pracnkel"’ gives a similar presentation combining slender body (for
BRm/L = 0.05 to 0.3) and quasi-cylinder (for BRE{L = 0.6 to 1.0) values modified by the

introduction of exact values for conical and parabolic pointed bodles at Ac/Am = 0.

Values from Ref 47 are compared to the slender body resultsugr Willis and Randall
and results from characteristics calculations for conical profiles in Fig 64,

Both first order and Van Dyke's second order theoiry become increasingly inaccurate
as initial angle of the cowl approaches the freestream Mach angle. Cowls for centrebody
intakes are usually inclined initially near to the local flow direction from the conical
compreasion surfaces and hence thelr initial slopes can be close to or in excess of the
freestream Mach angle and other methods for the evaluation of wave drag have tc be used.
The most accursate of these 18 the method of characteristics followed by (in order of
decreasing accuracy and increasing simplicity) the methods of second order shock-
expansion, generalised shock-expansion, tangent-wedge, and impact theory. 1In all these
methoda it 1s convenlent to divide the cowl into a number of stralght line segments and to
evaluate the pressure coefficlent on each segment before summing to obtaln the wave drag.
Fig 65 1llustrates the essentials of each method. Appendix B of Ref 49 rontains all the
information necessary to calculate the geometry of points on the input ray 1-6, at the
field pnints 3-il (defined as the intersection points of first and second family Mach
lines that are equally inclined to the streamline direction) and at body and shock wave
points 7 and 12.

Presley and Mossman in Ref 49 give results of applying all these methods to the
same family of cowl profiles studied by Willis and Randall for one length and one area
ratio A /A;.

Experimental values from a series of pressure plotted elliptic profile cowls that
can be approximated by the Willis and Randall famlly are glven by Samanich in Ref 50.
These values of wave drag are shown plotted in Fiz 66 in the linear theory form of

CD(L/Rm)2 versus BR /L which effectively collapses all the results from different initial

slope cowls and Mach numbers for a given area ratlo. Values from shock-expansion
calculations for the same profiles are not quite so well collapsed. The same values for
wave drag together with results from the Presley and Mossman characteristics calculations

are plotted in Pig 67 using the hypersonic similarity parameters 0.7 CD ME and M, 60.

The parameters also effectively collapse both measured and characteristics values into
curves that appear to be only functions of area ratio. However variation with area ratio
18 different for the characteristics and the measured values as 1llustrated in Fig 68
probably because fineness ratio does not occur explicitly in the hypersonic similarity
parameters, Although fineness ratio does occur in the supersonic similarity parameters,
Fig 69 shown that characteristic values are not properly collapsed for variation of both
Mach number and fineness ratlo.

Por the fineness ratios 0.4-2.3 and area ratios 0.5-0.8 nof thz experimental
measurements the shock-expansion method is probably sufficiently accurate for most
purposes until the Mach number at which the cowl shock wave becomes detached is
approached. Under these conditions if the cowl initial angle 1s not too high, linear
theory appears to give a reasonable result (Fig 70).

6.2.2 PRE-ENTRY AND SPILLAGE DRAG

Pre-~entry drag can be evaluated either by computing the change in precsure forces
and momentum for the flow in the ingested streamtube from freeatream conditions to the
intake entry plane or by intcgrating the pressure multiplied by projected area along the
stagnation streamline from freestream to intake cowl lip.

Evaluation of pre-entry drag due to supersonic foreépillage by integrating the
preasaure along the stagnation streamline is particularly simple for a two wedge or cone
compression surface:

Dore, = (P1mPL)(A1-A) + (Rp=R) (A -A)

Some typlcal values for cone, wedge and double wedge compression surfaces with

compresslon surface shock waves focussed on the cowl 1lilp at M, 2.4 are shown in Fig 71(a).

When the intake 18 operating with subsonic forespillage and the cowl lip sshock 1is
detached evaluation of pre-entry drag (Fig 71(b)) for a two wedge or cone compression
surface become:;

stagnation pt
Dpre = (P1=PL)(A1-A)) + (py-p)(A-A) + N!S (p -p,)dA

and 18 more difficult because the variation of pressure along the stagnation streamline
from the detached normal shock to the cowl 1lip 1s not known. However as was stated in
Qantian A 1 Annrasmad nnacantry Arac due ta anhannia foreanilliace 1s accomvanied by
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stagnation point
Dsplll - Né (p-p_)dA + 4D

ie the underestimate of pre-entry drag obtalned by not accounting for the rise in static
pressure from the value behind the normal shock to the stagnation point value compensates
for the decrease in cowl drag (ADcowl is negative). This can be written alternatively as:

spill 10 - 1
C - —-q_EI— = T ( - T;) (1 - _2)

spill L3N]

cowl ™ (pNS"p-)(Ac'A-)

This method of 2stimation obviously does not take account of differences in ADcowl

due to differences in the shape cf sharp lipped cowls. It is found, generally, that above
L 1.6-1.7 the ADcowl term 18 small and for splllage up to 20-30% the effect of variation

of cowl shape 18 very small,

The pitot intake assumption obviously applies directly for compression surface
intakes when the compression surface shocks are on or inside the cowl lip and spillage
drag evaluated on this basis at M_ 2. 4 1s shown in Fig T71(c). If the conpression surface
shocks are outside the cowl lip and their intersection point with the detached normal
shock also remains outside the entering streamtube as the intake spills, then on the same

basis (Fig 71(d))

D (PP ) (A=) + (Bo-B)(A-A) + (P yg—R )(A =A,)

spill
The pdsicion of the normal shock has to be found to evaluate A1 and this 1s done by

assuming a linear movement of the cowl lip shock from attached at full flow to the nhogy
position that would be obtained for a blunt body equivalent to the intake at zero flow

The shock wave geometry can be treated in differing ways for a multiple shock ccmpression
surface and analytical expressions for two-wedge intakes are glven in Ref 53,

6.2.3 DIVERTER AND BLEED DRAG

The boundary layer on the body can be prevented from entering the intake by raising
the intake from the surface of the body and then diverting or ducting away the boundary
layer in the space between the intake and the body surface. In both cases the boundary
layer diversion or extractlion will be assoclated with a drag.

BLEED DRAG

A ram scoop bleed may be preferable to a diverter if the main flow duct has to turn
into the body immediately downstream of the entry plane so that the angle of the diverter
wedge has to be large or if air 1s needed for some purpose such as cooling electronic
components. The bleed duct will perform in the same manner as the main engine air duct.

A correct cholce of exlt area will enable the intake to run full ie in a critical or
supercritical condition and at supersonic speeds the exit area to the bleed duct will be
choked unless the bleed pressure recovery 1s very low. A divergent nozzle can be added
downstream of the choked throat to expand the blced flow to freestream or possibly base
static pressure and discharge the bleed air at supersonic velocity if sufficlent bleed

total pressure 1s avallable.

Bleed internal drag can be written as:

D 2A A
C | - _.'ilj.ln_t - BL. - 3(_"_6_1(_ _) & + 2qex r‘ex :-_-_t BIéx
PBL, o4 %A Ao P % Ex & 9N TA
ng
If the bleed| air 1s choked at exit
. ZAQL. 3( 5283 PBLex P, ) D, ] PBIéx E'f ABIé;
R vl 0- c3 =Y F o+ 0.739
PBLy e Fo "R % E T TA;

where the chuked exit area for the bleed flow is:

* A ® Apy,
BLex - ./A [
E P
] BLex f;_
P, Az




Rpr_ 9L\ PR B, PBL
CD - 2 X b P ex 5 ex ._a: eX
By ¢ e ) e A

qB A.
where MBL and hence B €X and (T ) follow from:
ex B B

ex ex
PBL,, /P,
I * P 7P
BLex BLex -
and . AB A, ®
Lex . (51) BLex
“c A BL c
ex
Values for cD calculated from these two equations are shown in Fig 725" as
BL
int

functions of M_, bleed intake pressure recovery PBL /P, and bleed flow ABL /Ac. For a
normalsghock ram scoop bleed, bleed pressurc rccove?§ values are shown typlﬁally in
Flg 737 .

The same equations can be used to celculate bleed dr=ag for a compression surface
throat bleed (Fig 74). Por a flush throat bleed, total pressure is found to be roughly
equal to the static pressure behind the final normal shock of the main intake and this
pressure -ecovery pNS/P_ is shown calculated for & 10°-10° wedge compression surface in

Fig 73.
DIVERTE . DRAG

The wave drag »f wedge shaped boundary layer diverters (Fig 75) has been presented
4n a correlation shown in Pig 76 (from Ref 55) for three different diverter heigh;a ?/Gsa
0.75, 1.0 and 1.25. The same basic data (derived from NASA reports of the 19508)°°5°/»
has been smooth and plotted in carpet form for h/8 1.0 in Fig 77(a). Change of diverter
drag with change in h/¢ 18 shown in Fig 77(b) and illustrates some of the scatter of the

data.

Compressible flow flat plate boundar, layer data gives a good estimate of diverter
skin friction drag 1f the skin friction coefficicnt 13 based on total wetted ares inside
the divertcr passage and the Reynolds number 13 based on the length of the diverter
passage. Alternatively Ref 55 gilves diverter skin friction drag as:

Ay

x——
AP

c = C

x
wa

£
% |

fw

where cfw and the multiplication factor cD /Cfw are obtalned from Fig 78. The Reynolds

number in thls case 1s based on frestream gonditions and length of boundary layer upstream
of the diverter entry. Ap is the frontal area of Lthe diverter and A" the wetted area of
the diverter passage.

7 CONCLUDING REMARKS

Although the internal flow efficiency of nose intakes and underbody intakes (when
combined with a bank-to-turn control system) will always be supericr to body mounted
multi-intakes, the overall efficlency taking into account external fiow forces, volume
utilisation and control reaction time may not be so clearly demonstrable. The
considerable interaction effects of the body flow field on multi-intake performance and
nacelle contributions to external “-~rces have been illustrated. Effects of body cross
flow and vortex ingestlion have been highlighted. At the present time it 1s not clear what
type of intake (rectangular, half axisymmetric or axisymmetric) or orientation is best
suited to these unfavourable flow fields at matched engine and intake airflows.
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INTEGRAL BQOST, HEAT PROTECTION, PORT COVERS AND TRAHSITION
. by
1. D. Myers
United Technologies/Chemical Systems Division
P.0. Box 50015
San Jose, California 95150-0015

SUMMARY

The integral rocket ramjet (IRR) employs a dual-purpose combustor that serves initially as a rocket
ccmbustion chamber for the integral booster and subsequently as a ramjet combustor. The subjects of this
lecture are the requirements and basic design approaches for the integral booster motor, heat protection
for the integral booster motor, heat protection for the combustor case and nozzle, port cover and
transition systems. These requirements and design approaches for the integral booster motor will include
the special consfderations that must be made for the .various types of integral rocket ramjet propulsion
svstoms that include the 1iquid fuel ramjet, solid fuel ramjet and ducted rocket engines,

The integral boost motor includes the solid propellant grain, igniter, ejectable nozzle and release
mechanism and interface bond system, The integral boost motor must accelerate the missile from the Mach
number and altitude conditions at launch to a suitable velocity for ramje’ takeover, typically Mach 1.5
to 2.5. The integral boost motor weight {s very important since it is typically 20 percent of the missile
weight for air launched and 25 percent for ground launch missiles, Furthermore, the combustor volume
required for the integral boost motor generally exceeds the size required for high performance ramjet
operation. Thus winimum booster length yields the highest ramjet fuel load and thereby range.

Since gravity drag losses are a significant factor in establishing the integral boost motor perfor-
mance, it is also desirable to use the highest thrust compatible with the vehicle structural design and
radome temperature constraints to minimize burn “ime, These three primary integral boost motor design
requirements lead to tne need for high burn rate propellants with good physical properties to permit high
volumetric loading efficiencies, Typical integral boost motor design approaches are discussed that pro-
vide these capabilities. The use of nozzleless motors as a design solution to simplify the integral

booster is also discussad.

Heat prote:tiua for the integral rocket ramjet combustor case must provide for long duration with a
high temperature, oxidizing environment, The material selected for heat protection of the IRR combustor
must also provide a good structural and bonding interface for the integral boost motor, The heat pro-
tection material must withstand both the high temperature ard pressure boost motor environment as well as
the long duration, low pressure ramjet operating conditions. Several heat protection materials have been
investigated for applicatior. to IRR combustors that include silica phenolic, quartz phenolic and a sili-
cone elastomer material, DC 93-104, that was specially formulated for IRR applications. The requirments
for the heat protection and general lessons learned from development testing with the various materials

is discussed.

The IRR propuision system requires port covers to seal the interfaces between the combustor and air
inlet. Depending on the IRR configuration the port cover may be a large unit covering a single air inlet
or several small units covering multiple air inlets. The port covers must be designed to structurally
support the high integral boost pressure between 1000-2000 psia and still be capable of being easily
ejected by the ram air inlet pressure in a reproducible and relfable manner without damaging the heat
protection ma‘terials 1ining the combustor case and nozzle. Depending on the IRR configuration, the port
cover ma, have a direct structural and bond interface with the integral boost grain. Typical design
solutions to the port cover requirements are presented, including monolithic and segmented designs. A
novel solution that has been conceived for solving the port cover design problem, employing a hinged

concept will also be discussed,

Design and analyses of the transition sequence from rocket to ramjet r des of operation represent one
of the most interesting and challenging aspects of the IRR propulsion system. The transition sequence
typically begins with ejéctian of the port covers from the IRR combustor and includes boost nozzle ejec-
tion, ramjet fuel valve opening, initiation of ram air turbine operation and ramjet igniter actuation.

A1l of these events must be carefully sequenced to ensure successful transition in a very short time,
typically 300-500 msec. Morecver one of the major considerations in achieving a successful transition
is an accurate accounting of all energy sources, including residual boost grain sliver, heat protection
material ablation products, ramjet igniter gases and the ramjet fuel transient flow rate. The heat

protection material ablation gases frequently include methane, hydrogen and other combustible hydrocarbons.

The heat release from these gases can contrioute 30-40 percent of the energy needed for normal ramjet
operaiion at takeover., Since inlet. design margins are typically minimum at takeover failure to consider
these important energy sources can and has led directly to IRR flight faflures.

INTEGRAL BOOST MOTOR

The integral rocket ramjet (IRR) propulsion systems represent a sophisticated technology objective
for advancing tactical and strategic missile applications. The three basic ramjet types shown in figure 1
ranracent the tvnical enaine confiaurations. Intearation of the solid rocket booster motcr with the
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and volume advantages when compared to the poddsd or tandem ramjet configurations. When compared to
conventional boost/sustain solid rocket motors with the same weight and envelope, the IRR can provide
a 200% to 300% increase in powered range,

Naturally, the advantages for the IRR configuration do not come free. In this instance, the price
is primarily related to the unique complexities assoctated with the 1nterfaces between the solid booster

motor and the ramjet engine,
The booster motor for the integral rocket ramjet must:

1. Accelerate the missile from ground or air launch speed to a Mach No. satisfactory
for ramjet takeover,

Provide high volumetric loading to minimize combustor volume.
Provide required 4V gain within 4 to 6 sec to minimize gravity drag losses.

Provide minimum motor residuals to allow apid transition to ramjet operation.

.

(2] o w ~
. -

Provide ejectable boost nozzle to permit remjet engine to operate at low
ramair pressures.

6. Cause minimum damage to the ramjet engine TPS,

A typical integral booster motor {s seen in figure 2. Operation of the IRR begins with ignition of
the integral booster motor after the missile has been ejected from the aircraft. The booster motor must
accelerate the missile from the Mach number-altitude conditfon at launch to a velocity suitable for ram-
jet takeover, typically a Mach number from 1,5 to 2.5, The booster must operate over a wide range of
Taunch conditions, ranging from ground launch to air launch at Mach number of 0.5 at low altitude up
to 0.7 to 0.8 at midaltitudes. The booster motor propellant weight is typically 20% of the missile
weight for afr launched pplications. For ground launch application the booster fraction is approximately

25%.

The booster motor burns for approximately 4 to 6 sec at .chumber pressures between 1,000 to 2,000 psia.
During the tailoff transient of the booster motor, a chamber pressure transducer signals a control
mechanism which releases the booster nozzle under the force of the residual booster pressure. A port
cover plug, installed at the interface between the combustor case and the turn and dump section of the
inlet diffuser, {s subsequently ejected by the force of the ram air pressure when it exceeds the decaying
booster chamber pressure. The port cover is ejected aft through the combustor case and ramjet nozzle.

After the port cover has been released, ram air is free to flow through the combustor case ard
nozzle. Since the vehicle drag forces are high at the transition from rocket to ramjet, it is desirable
to minimize the time from rocket shutdown to ramjet steady state operation. Typical transition times
are from 500 to 1,000 msec. A grain design with minimum sl{vers and minimum residual or combustible
materials {s critical to avoid efther an excessive loss n system performance capability or an undue
risk of inlet unstart which could cause a faflure in ramjet takeover. The quantity and rate of heat
release from the booster metor residual materials has a diréct impact on the design of the ramjet fuel
control system and indirectly upon the inlet if pressure control probes which must be installed in the
inlet are reqeired. Design of a booster motor having no combustible residual materials, for instance,
could significantly simplify the design and cost of the ramjet fuel control system.

High Volumetric Loading

Maximum IRR range {s obtafned with a solid propellant boost grain of minimum volume since the solid
propellant volume required for an optimum ramjet takeover velocity 1s larger than the chamber required
for satisfactory ramjet combustion efficiency Thus, a high density solid propellant in a grain config-
uration of high volumetric efficiency is an 1mportant design objective for the booster motor. A 1%
increase in propallant grain length and combustor length could cause a 5 to 10% loss in IRR vehicle
range due to loss of ramjet fuel storage.

Short Burn Time

Since the booster motor volume requirement is a key controller in establishing the maximum IRR r nge,
it is also necessary to minimize gravity drag losses and thereby reduce the required booster motor size.
The approach is to minimize the booster motor burn time within the structural limits of the vehicle.
Typically this approach results in integral booster mntor burn times on the order of 4 to 6 sec to main-
tain vehicle acceleration 1imits of 15 to 30 g. The maximum thrust 1imit required for the booster due to
missile structural limitations, in turn, influences the size of the booster motor.

The ramburner case must be fabricated from high temperature alloys such as L-605 or I-718 to with-
stand both the high external aerodynamic and internal ramjet combustion heat loads. The ramjet operates
at a maximum combustor pressure of approximately 3150 psia at wall temperatures up to 2,0000F, Generally,
the case wall thickness for this design condition permits operation of the booster at pressures up to
the MEOP of 1,500 to 2,000 psia. Since these high temperature alloys are heavier than typical solid
rocket case materials, the booster motor must operate as efficiently as possible within the specified
maximum MEOP 1imit to avoid undesirable penalties in case weight or booster performance. Therefore, a
neutral chamber pressure trace and a propellant with minimum value of mk will yield a booster motor with
highest performance.

Propeiiant Selection




—

M - [t . o AR S’ Sl - e

R e T el e T et et et T T, R e e N N Y N T T T NI T T

RN R R

generally within the range shown in Table 1. The ARCO R-45M HTPB polymer provides outstanding processa- ot
bility and pot life with the 87% to 89% solids propellants currently being developed for booster applica- *
tions, provided that curing agents and pot 1ife extenders are selected to minimize the catalytic effect S

of burn rate modifiers on the isocyanate-hydroxyl cure reactions. .

As Table 1 shows, the required burn rates of 0.8 to 1.3 in/sec at 1,000 psi are in. the medium-high ]
range and require use of burn rate catalysts to achieve these rates. Catalyst selection is one of the
key formulation tradeoffs at the present timz. Iron oxide, Fep03, is the most widely used catalyst in
solid propellants, but it has the disadvantage of yielding pressure exponents above 0.5 and temperature
coefficients, wg, of 0.20%/°F or greater. Since high pressure and temperature sensitivities result in
performance penalties, there is current interest in the utilization of anhydrous ferric fluoride as a
replacement for iron oxide. This additive provides n and ng values at the lower end of ‘the range shown
in Table 1, However, studies have indicated that HTPB propellants using FeFy may have poorer aging
characteristics than counterparts formulated with Fe203. More work {is required to evaluate these
tradeoffs and investigate approaches to improved aging stability. ) .
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The high web fractions characteristic of IRR booster grain designs coupled with the broad -659 to .
1650F environmental temperature range require propellants with excellent mechanical properties.
Typical requirements include greater than 20% multiaxial strain capability at -65°F wmeasured in strain
evaluation cylinders. Table 2 shows mechanical properties of ar 88.5% solids IRR booster propellant
candidate tested at Chemical Systems Division which meets the established require.ents for this type

of propellant.
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Grain Design
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The primary objective in selecting a grain design for an IRR propulsion system is to achieve
maximum volumetric loading within the structural limits of the prepellant. There are, in add*ticn,
several considerations which are unique to an integral booster motor: ‘

LN
.
Latala

- High volumetric loading

- Neutral pressure trace

- No boots in forward closure which must act as ramjet recirculation zone
- Short burn time

- Minimum sliver and residuals
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Figure 3 will be used to fllustrate the design cons1derat10n§ to be made to the sample grain design.
The keyhole grain design provides the following key features.

»

1. High volumetric loading of 92%

- '.~ '.' 1

2. Keyhole slot provides stress relief without boot in forward
combustor closure. .

S

Y

3. Nearly neutral pressure/thrust profile (1.055)

4, Theoretically sliverless

"
[ T

5. Minimum boost residuals as large 2xposed area of liner is consumed.
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Propellant Grain/Liner P

The propellant grain/liner interface with ramburner is a critical {nterface which has presented a
unique new set of technology requirements., The propellant grain/liner interface with the 1iquid fueled
and ducted rocket combustor are very similar as seen in figure 4. The solid fueled IRR presents a
completely different interface since the booster grain/liner must interface directly with the solid ram-
Jet fuel. In many solid fuel ramjet (SFRJ) IRR designs a dual boost grain is required for maximum
volumetric efficiency. Each of the two grains may require different propellant burn rates as well.
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In the 1iquid fuel ramjet (LFRJ) IRR and ducted rocket the interface is with the TPS which lines
the case wall, Three primary TPS materials are currently being used in IRR combustors:

B

¥

1. A silicone elastomer DC 93-104

R FEN

2, Silica phenolic

.

3. (Quartz phenolic

The structural and chemical interfaces are vastly different between the silicone elastomer and
silica or quartz-phenolic materials.

G

The propellant/grain liner structural and chemical interface considerations are summarized in
Tables 3 and 4. The structural interfaces between the booster grain/liner interface with DC 93-104
presents no problems relative to support of the grain. The major structural problem is to achieve
satisfactory bond strengths with the silicone elastomer material. Many interface material bond systems

have been evaluated for the DC 93-104 material,
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Booster Igniter
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closure as well as the need to install a port cover at this interface. In addition, the booster igniter
must provide fast, uniform ignition of the internal grain surface to avoid nonuniform burning and
undesired slivers at booster grain burnout. An igniter material such as MAG-TEF is highly desirable

to avoid overpressure during the ignition transient which could result in an undesirable weight penalty
for the ramjet case or eicessive pressure rise rates with the cold L605 case material.

Nozzleless Motors

The primary advantage of the so-called nozzleless solid rocket motor 1ies in the elimination of the
ejectable booster nozzle and its attendant complexity and cost. Nozzleless solid rocket motors employ
simple circular port grain designs as seen in figure 5 and are characterized by highly regressive
pressure-time curves but nearly neutral thrust-time histories. Figure € shows a typical set of pressure
and thrust curves for a nozzleless motor design. Although nozzleless motors have much lower specific
impulse values than conventional motors using the same propellant, this loss can be largely compensated
by packaging additional propellant in the volume usually occupied by the nozzle. In additfon. a divergent
aft conical surface serves to accelerate the exiting combustion products, ytelding a small improvement
in delivered performance.

Nozzleless motors normally require significantly higher propellant burn rates than conventional

/////////‘ motors designed for the same mission, In addition, propellant pressure exponents should be less than

0.50 in order %o obtain designs which are competitive with nozzled booster configurations, These
additional requirements and :onstraints add further difficulty to the problems inherent in formulatina
satisfactory bcoster propellants. ‘

Table 5 summarizes the outlook for various categories of nozzleless booster propellants. Feasi-
bility studies of nozzleless ramjet boosters using high burn rate alumintzed propellants are currently
being conducted under Air Force contract. Since these propellants use liquid ferrocene Lurn rate
catalysts, some problems in long term 2ging may be expected. However, there is no reason thet high
density-1mpulse zirconium propellants should not be as satisfactory for nozzleless designs as the alumi-
nized propellants, and the same perfoimance advantages noted earlier for conventional motors can be
expected. Up to thi, time, no e/’fort has been expended in adapting Tow signature propellants to nozzle-
less IRR booster concepts. Because of their inherent high burn rates, such propellants will be parti-
cularly susceptible to acoustic combustion instability. Very probably, some compromise will be necessary
in requirements for smokelessness in order to develop nozzleless boosters with these types of propellants,

HEAT PROTECTION

Thermal protection of the integral rocket ramjet engines requires new materials and construction
to withstand the difficult thermal, structura!l and chemical environment. A comparison of the thermal
protection system (TPS) design consideration fo= rockets and 1ntegra1 rocket ramjets is shown in
Table € The unique aspect of the thermal protection design is that all of the virgin and charred
materiul properties required either by a solid rocket or 1{quid rocket must be combined for the {ntegral
rocket ramjet engfne. In particular, the requirements for a high strain capatility, chemical/structural
booster compatibility, high charred materfal mechanical strength and oxidation/erosion resistance
make thermal protection a significant IRR design challenge,

The requirements for the thermal protection systems for rockets and ramjets are compared in
Table 7 ', Because of the lower chamber pressure levels of the ramjet the heat fluxes and combustion
temperature are significantly lower than the rocket, The ramjet, on the other hand, operates for
siguificantly longer durations with external aerodynamic heating in an ox dizing/high viscous drag
environment. Steady state combustor operation with a fully charred insulation material is a unique
requirement of the ramjet.

Early podded ramjet combustors employed afr cooling to thermally protect the combustor and nozzle,
The advent of the integral rocket ramjet with the dump combustors and high L/D combustors made it
generally impractical to apply air cooling. Ablation cooling is the mast attractive solution to thermal
protection of ramjet engines, A large number of candidate ablative materials were evaluzted as
potential ramjet insulation materials,

Thermal Analysis

The thermal analysis model recommended for use in analyzing the integral rocket ramjet thermal
protection systems is the two zone model shown in figure 7,

Combustor State

The combustor environment is defined by a chemical equilibrium calculation based on measured fuel-
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to-air ratio (f/a), fuel composition and enfha1ny. and air temperature. Calculations are performad
using the ACE chemical equilibrium program.' Correcticns for combustion inefficeincy, when known
from test data, are applied as enthalpy losses. Gas emissivity is based on the calculated equilibrium

C02 and H20 concentrations.

Boundary-Layer Model

The convective transport of geat and mass to the surface is modelad using a boundary-layer computer
code developed by R. J. Flaherty.¢ This model predicts convective heat transfer coefficients that are
comparable to values calculated by other boundary-layer programs.3s4 The boundary-layer program incor-
porated the effect of axial combustor Tength into the analysis and provided a continuous model down
through the ramjet nozzle. Nozzle heut transfer correfations do not have this length effect explicitly
included. The boundary-layer model also considers the effects of pressure Mach number, wall contour,
wall temperature and gas properties.

Charring Lining Heat Transfer Model

ghe actual thermal response of the charring wall and Inconel case is modeled by the CMA computer
code.” This program is a one-dimensional, transient, charring heat transfer model. It includes con-
vective heat and mass transport with corrections for blowing effects, radiation to and from the surface,
and heat conduction into the solid wall material. Pyrolysis of the wall material is described by three )
independent Arrhenius-type equations; pyrolysis product gases were permitted to react at the surface of s
the char, The program can consider multiple materials with intermaterial gaps transmitting heat by 3
radiation and gas conduction. The material properties uses the same properties as those reported for
MX 2600 silica phenolic.b Separate sets of temperature-dependent thermal conductivity and specific
heat were input for virgin and char material, respectively,
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The reaction of the pyrolysis gas with the ramjet combustion products {s assumed to proceed

PR N
)

to equilibrium at the char surface, with the resultant enthalpy change included in the solution for the vt
surface temperature. The net enthalpy cliange then appears as a reactive "heat" flux in addition to P
the convective, radiative and solid conduction components of the surface heat transfer, Since the i ‘
pyrolysis gas products are fuel-rich, the reaction is §trongly exothermic whenever unreacted oxygen is A
in the combustion products, and is usually the case in ramjets. There has been some question as to Rt
whether the pyrolysis gas-ramjet reaction actually occurs at the surface as this model suggests. -
Experimental results show that it does occur in some sitations. -
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Two-Zone Modeling

It has long been accepted that a reci.culatfon zone exists downstream of the step expansion from
the inlet. This recirculation zone is characterized by higher fuel-to-air (f/a) ratios and higher flam2

-

temperatures than the overall combustor. To apply the charring heat transfer model to this zone, both i“.
the local f/a ratio and the local temperature must be predicted. . -
. o

An extensive study of recirculation zone f/a enrichment showed a correlation between overall
equivalence ratfo ¢ and recirculation zone equivalence ratio gRZ for center dump combustors. While the
correlation is not precise (anc especfally for charring 1inings) it gives a first approximation to the
recirculation 2one state. The correlation can be used to determine a new local f/a ratio, and the
equilibrium chemistry calculations can be used to determine a new local gas temperature for the recircu-

lation zone.
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As a first approximation to convective heat transfer, a short reversy boundary layer is assumed

to develop within the recirculation zone similar to that in the aft region. -
The starting point for the aft boundary-layer becomes a semiempirical paramater in the two-zone Ef?
model. However, the aft predictions are in general not sensitive to the exact location of the boundary-

layer start. The remaining unspecified parameter is the recirculation zone gas emissivity, which becomes
the main point of empiricism in the present approach. Gas emissivity is determined from the charred
engine firing and then applied to the values derived are consistent with those derived from other fuel-

rich ramjets.

Two-Zon2 Correlation with Test Results

FheTel it
¥

Full Charred Lining. The conventiural boundary-layer model sti11 matches the aft region thermocouple =
response. The aft zone can be considered to prevail in the region downstream of the 0.45 combustor ]
station {see figure 8). .}}
. hOH
The forward recirculation zone prediction is significantly higher because of increased fuel el
concentration. The 1>cal equivalence ratfo 1s approximately 1.5 for all phases of the duty cycle. R
Equilibrium flame temreratures are singificantly higher. The best fi* t: avcrage forward case tempera- Byt
tures over the entire test duration of 175 sec correspondsto a local efrective emissivity of 0.2, a not )
unreasonable value considering the highly rich fuel mixture. This recirculation zone model extends F 3
across approximately the tirst quarter of combustor length. t»1
Virgin Lining. When the same two-zone model is applfed to the actively charring lining, a reasonable e
match 1s stiil obtained at both zones. Th2 aft region boundary layer again shifts to the right. The 3}f
midlength peak in the thermocouple band suggests a slightly further aft starting point than for the 4
fully charred 1ining. o
- \ ]

The forward zone is similarly modeled to the fully charred lining; however, a temporarily higher £

f/a ratio s used during active pyrolysis due to the addition of fuel-rich pyrolysis gases. The oveiall o
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The two-zone model is able io fit both locations in both tests because the charring heat transfer
model considered reactive as well as convective and radiative heat fluxes. In the actively charring
1ining, the forward and aft heat fluxes are similar in total magnitude, but quite different in
nature. The aft region is mainly reactive because of the exothermic pyrolysis gas reactions and is
only secondarily convective. In the forward region, the higher temperatures and emissivity raises the
convection and radiation but the reactive term is reduced a comparable amount because of the local lack
of excess oxygen, The net result is a similar total heat flux, both fo~ward and aft.

When the lining 1s fuily charred, the reactive flux disappears. This reduces the aft heating
considerably, but has 1ittle effect in the forward zone when the flux was convective and radiative.
Under these conditions, forward-to-aft variation becore characteristic. If the initial run continues
long enough, this effect will be apparent. The hot forward zone is also seen in metal wall combustors
where again no reactive flux is present. Thus, the flat axial temperature profiles, which are seen with
all of the pyrolyzing 1ining materials, result from a hct, fuel-rich forward zone and a comparable,
cooler, but more reactive, aft zone.Table 8 summarizes these differences in heat flux and resultant
temperatures for the two zones of both tests.

More precise modeling of most of the present approximations should not change the validity of this
approach. Any recirculation zone f/a correlation that would give a fuel-rich forward zone would be
consistent with this model. Any aft boundary-layer starting point in tha midregion of the engine would
also be consistent. Changes in recirculation zone convective heat transfer coefficient would result
in a revised empirical emissivity for both forward zones. Material property changes would also apply
tc both zones of both tests.

In conducting preliminary design studies of a ramjet propulsion system it 1s important to consider
the relative effect of different configurations on thermal protection requirements. An an example,
in figure 9, two candidate combustors having the same nozzle area ratio (A;) but with sicnificantly
different L/D ratios can satisfy the basic mission requirement. Tne high E/D combustor, however,
has 50% higher heating and 100% higher combustor gas velocitfes. This significantly more severe
thermal environment could result in & lonaer and more costly flight engine development effort.

Several general conclusions can be druwn from recent thermal protection system development efforts
that have involved bench test, subscale test and fullscale durability testing of several thermal
protection systems. These general conclusions are summarized below.

Bench/lab tests useful as qualitative indicators
. Can identify unsatisfactory TPS material/construction
. Cannot be directly scaled to full size

Analysis required to identify requirements
Fundamental TPS laboratory/subscale test data acceptable.

Testing required to demonstrate specific requirements, such as
. Weight loss vs temperature and time

. Strain capability of virgin/charred TPS material
Correlation of information from various tests
froh'bitive cost/schedules for F/S IRR TPS durability tests systematic approach
Improved thermal/structural desired TPS modeling techniques are needed
PORT COVERS

Among the key elements in the IRR concept is the air inlet port cover. The port cover design
requirements are summarized below. Depending upon the configuration of the ramjet comtustor, the pont
cover may be a large unit covering a single axial inlet or several smaller units covering multiple afr
inlets. The cover, or covers, must withstand booster chamber pressures of 1,000 to 2,000 and still
be capable of being ejected reproducibly, reliably and without damage to the ramjet combustor, naozzle
or thermal protection system. To minimize the need for active control devices, it is desirable for
the port covers to be self ejected due to ram air pressure during booster tailoff. Finally, the port
covers must be suitably {insulated from heat generated by burning of the booster propellant.

The integral rocket ramjet port cover design problem is 11lustrated in vigure 10. In the top
inset the overall transition sequence from rocket to ramjet operation {s depicted. In the example
shown the booster propellant is cast over the multiple side mounted inlet dump openings. In this
configuration the boost propellant retains the port cover during captive flight (if inlet coverc are
not used). In alternate center dump configuratioas, for example, the boost propellant may not be
directly cast agafnst the port cover and special retaining devices must be used to prevent the port
cover from being prematurely ejected by the ram air loads during captive carry.

The apparent simplicity of the basic port cover operation belies the true complexiiy of the design
engineer's challenge. The port cover interfaces with many of the other major IRR subsystems, creating
several specific interface design problems. These port cover design problems are defined in figure 9.
In addition to the basic port cover structural, seal and design problems,some additional design
requirements are frequently imposed. These are asscciated with providing signals tc the flight vehicle
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Design concepts currantly in use include: the monolithic cover, the segmented cover, and the
frangible cover. The simplest type of cover {a monolithic metal cover) is found on the Supersonic
Tactical Missile (STM). The STM utilizes four smaller covers (figure 11A) over the combustor size
wall air inlets. In the design, ejection of the cover(s) necessitates the expulsion of fairly large
metal pleces, creating the possibility of damage to the combustor or nozzie. Although numerous tests
proved these designs do not damage the ramjet combustor, other designs are beiug investigated to decrease the
damage potential by reducing the size of the ejected material.

The Modern Ramjet Engine (MRE) used a segmented iniet port cover (figure 11B) to reduce the size
of the ejected particles. This cover was made up of several structural beams placed across the air
irlet and held together by a rubber-like retention boot. At ejection, the boot released the "beams"
and allowed them to individually exit the combustor.

Both monolithic and segmented port covers have been successfully employed. However, several e
newer concepts are of considerible interest because they offer the possibility of further reducing the :
size of ejected pieces ur eliminating them entirely. One approach is to mechanize the port cover so
that it can be opened without being ejected. For example, the cover could be hinged (figure 11C),
louvered or sliding. These approaches would be particularly good for small dump openings. Moreover,
the port structural elements could potentially be designed to act as flameholders. ’

Another means of reducing the size of the ejector is the frangible cover. This cover {s made
from high-strength chemically treated or heat-treated frangible glass. When the glass is broken (by
a hard metallic pin that penetrates the hard outer surface or by a small detonating device), it .
breaks into rock salt shaped granules about the size of the original glass thickness. This method
seems best suited for combustors with center dump. )

TRANSITION

The transition sequence in the integral rocket ramjet propulsion system created new design require-
- ments, unique to this system.

During rocket operation, the combustor must function as a conventional rocket combustor, closed at
the forward end and with a suitable "rocket” nozzle at the aft end. During transition, the combustor
must reconfigure itself to a ramjet combustor, open at the forward end to allow air to enter the combus-
tor, and with a large throat nozzle, suitable for ramjet operation at the aft. Two schemes are employed
to permit this dual operation of the combustor chamber - the "blow-in" port cover and the ejectable

rocket nozzle.

In addition to their steady-state functioning, the port cover and ejectable nozzle design must
consider the ability of these compcnents to quickly and reliably allow transition from rocket to ramjet
operation. After tailoff of the booster, drag forces acting on the airframe with engine off quickly
slow the forward speed of the ramjet vehicle, typically losing on the order of 0.1 Mach No. per sec.
Lenger transition times require increased booster loading which in turn causes undesirable ramjet fuel
losses and consequently significant range loss. Transition to ramjet takeover must, therefore, be
done very quickly. Although transition sequences may vary, the basic transition operations following
booster tailoff remain the same. When the booster rocket chamber pressure decays to a value where
positive vehicle acceleration approaches zero,which is approximately equal to ramjet takeover combustor
pressure, the rocket nozzle release mechanism fs activated, and the residual booster pressures force
the nozzle rearward, ejecting it freely through the ramjet nozzle. During this same time period, the
atr inlet port covers are forced inward when the inlet ram air pressure exceeds the residual chamber
pressure. The covers are expelled through the ramjet nozzle by the force from fncoming ram air flow.
Ramjet fuel control and fgnition systems then sequence the ramjet fuel and igniter. Ramjet fuel ignition
is further afded by the remaining burning residuals of both the rocket grain and the thermal protection -
system combustibles. A1l this must take place in a few hundred milliseconds or excessive forward ’ s

velocity will be lost {o drag forces.

The propulsion transition sequence for the Supersonic Tactical Missile 1l1lustrates a typical
transition design (figure 12). i

A typical propulsion transition sequence is shown in figure 13. The design transition sequence
is initiated during booster tailoff when inlet ram air pressure exceeds booster combustor pressure
(AP = 5 psi nominal) forcing the air ¢nlet port covers inward. Movement of any one of the four port
covers actuates a port cover sensing switch which energizes the nozzle snapring retenticn system relay.
Upon relay closure, voltage is applied across the propagation cord {nitiator bridgewires, firing
the initiator squib which in turn ignites the propagation cord. Closure of the port cover sensing
switch also fnitiates a nominal 300-ms time delay relay that is subsequently used to open the ramjet
fuel valve and fire the ramjet igniter. Upon firing the propagation cord, the booster nozzle snap-
ring is released and resfidual chamber pressure, in conjunction with incoming air pressure, ejects
the booster nozzle. Residual propellant slivers and liner continue to burn until the slivers are
essentially consumed at the end of the 300-ms delay. Closure of the time delay relay initiates fuel
valve opening and ramjet igniter firing current which is followed by fuel flow, ramjet ignition,
and steady-state ramjet operation, The ramjet igniter fires for approximately 1 sec, releasing 1,500

Btu/sec of energy.
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While the transition sequence must be accomplished quickly, it must also be timed very carefully ;.1
with the other sources of energy release during the transition perfod. Early ramjet light-off can cause Sva
excessive chamber pressure, resulting in inlet "unstart", Late light-off aliows excessive vehicle slow .
down, aiso resuiting in unstarted inlets. roe
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The primary integral rocket-to-ramjet transition interface considerations are shown inTable 3,
Critical interfaces exist with the inlet, fuel control, combustor/nozzle and booster motors. Maintaining
a supercritical design margin or, if necessary, stable subcritical inlet cperation during transition is
a primary requirement. Several early [RR flight tests resulted in failures due to failure to anticipate
the energy release during transition. Careful analysis and resolutdan of this problem during the
early 1970's cleared a major technical obstacle for IRR systems, The interface with the fuel control
frequently involves providing pressure control signals to limit maximum combustor pressure, in thereby
maintaining the desired inlet margins. Another solution may be to pre-program the fuel flow rate during
transition so that inlet margins cannot be exceeded.

During transition, combustor operation must account for energy sources from the ramjet igniter, ramjet
fuel and combustible pyrolysis gases from the thermal protection system.

Residual booster motor energy sources that must be accounted for during transition include che
propeilants sliver, residual propellant liner and, if present, stress relief boots.

A typical account of the total ramjet energy sources during transition is seen in Table lo, The energy
contributions from each potential source are identified as a function of transition time. The heat release
from each one of these energy sources is shown also as a function of time, leading to the predicted combus-
tion pressure (P4) rise. During the first 50 msec of the transition sequence the residual energy sourzes
provide 7100 BTU/sec compared to 16,200 BTU/sec expected from the ramjet fuel flow. Failure to accommodate
this high energy release could easily cause an inlet unstart,

EJECTABLE BOOSTER NOZILE

Several desfgns for the ejectable nozzle have developed and at least three nozzle release concepts have
been successfully tested: the use of multiple explosive bolts, the use of a Marman type clamping device,
and the use of a snapring retention system.

The use of multiple explosive bolts on the Low Altitude Supersonic Ramjet Missile (LASRM) represented
a conventional approach to nozzle retention as does the Marman type clamp (figure 14) used on the Air
Launched Low Volume Ramjet (ALVRJ). Both systems attain bccster nozzle alignment by direct mechanical
interfaces provided by the fasteners and the use of explosive bolts (common in aerospace use) to release the
booster nozzle. The systems are reliable and due to the use of ordnance common to aerospace use are easily
adapted for use in ramjet vehicles., They also share a common disadvantage - relatively high weight and

complexity.

A latér concept incorporated on the Madern Ramjet Engine (MRE) and the Supersonic Tactical Missile (STM)
{s the snapring retention system {figure 15). The advantage of this system is significant weight savings
over the other systems and it was demonstrated to be extremely fast, repeatable, and reliable by several
test programs. The system was successfully flight tested on the STM in 1979,

The snapring retention system utilizes a high strength snapring to restrain rearward movement of the
booster nozzle. Booster nozzie alignment is attained by close tolerance alignment surfaces machined int»
the nozzle assembly. Replacing the explosive bolts used in the other systems is a length of mild detonating
cord posftioned in a groove beneath the snapring, Ignition of this cord releases large quantities of
combustion gas which compress the ring and force it from the retention groove. As in other systems, the
booster nozzle is thrust rearward by residual chamber pressure. Tests bave shown this system to release
in less than 10 msec without imparting rotational or tumbling motion to the booster nozzle.

While the snapring and other concepts offer promise for the IRR of today, advanced concepts are in
development. Several concepts that have been advanced to elfminate the ejectable booster nozzle include
a nozzle fabricated to erode at a rate predetermined to give near maximum performance for boost and ramjet
combustor pressures. Such nozzles may be designed to "step" from one throat size to another as the chamber
pressure decreases or they may be designed to erode in a continuous mannar approximating the chamber
pressure decay from boost to ramjet operation.

CONCLUSIONS/RECOMMENDATIONS

After expending a significant development effort over the past deczde, a solid engineering data base
exists for the design and analysis of the integral boost motor, thermal protection system, port cover and
transition devices.

High performance and reliable operation of these components can be assured through knowledgeable
application of this comprehensive data base.

Further development efforts in this area snould concentrate on: (1) extending the data base on the
shelf 1ife of the integral boost motor and (2) further simplification of the IRR transition sequence,
leading to a totally passive (no vehicle controls requiredg transition system design to reduce cost.
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TABLE 1 TYPICAL PROPELLANT FORMULATIORS FOR CURRENT IRR BCOSTER DES{??zss

Formu1at10n Range Property Nominal Vhiqé

87 to 89% solids HTPB 125, sec 262

17 to 18% Al Density, 1b/in.3 0.064

1 to‘3! fine-ground AP Burning rate at 1,000 psi, 0.8 to 0.3

‘ in./sec

Fey03 or FeF3 catalyst Pressure exponent - 0.40 to 0.55
s X/F 0.16 to 0.21
Hazards Class 1.3

Structural Characteristics
@ Mechanical pioperties suitable for -65 to 165 F environment
® Tradeoffs of ballistic properties versus aging stability being studied
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TABLE 2 MECHANICAL PROPERTIES OF TYPICAL HTPR TACTICAL PROPELLANTS

111286
Propellant No. 1 Propeliant No. 2
Temperature, F Temperature. F
Property 165 70 -65 Property 165 70 ~65
TmC, psi 110 148 581 Tme, psi 102 147 822
EmC, % 35 42 22 EmC, % 27 29 12
Ep, %X 37 44 3 Ep, % 28 k)| 15
By psi 512 628 9220 Eys Psi 455 671 11,800

TABLE 3 PROPE!.LANT GRAIN/LINER STRUCTURAL INTERFACE ff‘)NSIDERATION%11 6
29

o Provide suitable structural support for grid to avoid excessive strain

@ Booster pressure loads must not cause TPS Viner failure, particularly
at low temperatures

® Propellant boots in forward combustor recirculation zone are unacceptable
o Port cover in side-dump combustor must not cause arain/liner movement

® Booster motor MEOP must exceed structural margins of combustor case,
which 1s sized by ramjet loads at high temperature and pressure

o Booster motor must not cause structural damage to SFRJ fuel grains

TABLE 4  PROPELIANT GRAIN/LINER CHEMICAL INTERFACE CONSIDERAFIONSTll
296

e ‘r*arface material system must provide strong chemical bond with TP3:
BIT > 100 psi, peel > S p!d

® Provellant constituents must have long-term chemiccel corcatibility with TPS

o TFS constituents must not degrade interface material bond strength
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TABLE 5 PROPELLANT CATEGORIES FCR ADVANCED IRR BGOSTERS
MOZZLELESS MOTOR DESIGNS

T11288
Propellant Type Characteristics Status Problem Areas
High-rate HTPB 86 to 88X solids Feasibility Ballistic proper-
with Al HTPB with 1iqu1d demonstration ties and repro-
ferrocene cata- in process ducfbility; pro-
lysts to achieve pellant aging
burn rate >1.5 ‘
in./sec, pressure
exponents <0.5
High-rate HTPB 91 to 93% solids Propellant Propellant aging;
with Zr HTPB with ~40% Zr development in | Zr purity and cost
and liquid ferrocene | process
or FeF3 catalysts
Reduced smoke | 86 to 88% solids No work in burn [ Combustion insta-
class 1.3 HTPB without Al; raie regime of (bility; aging
catalyzed to high interest
burn rate
Minimum smoke High energy binder No work in Achieving burn
class 1.1 with HMX/RDX and process; may rate and pressure
) rate enhancing addi- | require new in- |exponent; combus-
tives gredient tech- |tion stability;
nology Tow temperature
properties
TABLE 6 THERMAL PROTECTION SYSTEM DESIGN CONSIDERATIONS
. T11289
Integral
: Solid Liquid Rocket
Property Rockets Rockets Ramjets
Virgin materfal
High strain capability X X
Light weight X X X
Low thermal concuctivity X X X
Oxidation resistant X X
Erosfon resistant X X
Chemically/structurally compatible X X
with booster liner materials
High gas temperature capability X X X
Charred material :
High mechanical strength X X
Light weight X X
Low thermal conductivity X X
Oxidation resistant X X
Erosion resistant X
TABLE 7 REQUIREMENTS FOR THERMAL PROTECTION SYSTEMS
T11290
External
Rocket Duratfon, Pressure, Heat F}ux. Temperature, Aerodynamic
Type sec pst Btu/ftc-sec F Environment Heating
Solid 60 to 120 500 to 1,000 { 500 to 1,500 | 6,300 Oxidizing None
particle
versions
Liquid 100 to 600 100 to 500 700 to 2,000 | 5,000 t~ 5,500 | Oxidizing None

Ramiate | 100 +a 1000 | 10 tn 1850 10 to 30 2.500 to 4.000 | Oxidizina/ 500 to 1,200 F
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TABLE 8  PREDICTED AND MEASURED THERMAL RESPONSE

T11293
Forward Aft
) Recirculation Boundary-Layer
] Property © Zone Zore
e Typical boundary conditions
- o f/a 0.10 0.039
- e Tc, R 4,300 3,700
L, e HTC, boundary-layer relative length 0.075 0.05 to 0.60
SEIN : e HTC, blowing effect reduction, % 5 (maximum) 6 (maximum)
ﬁ ‘ e Effective emissivity 0.15 0.036
s Charring lining
o Typ1cag heat flux (predicted), 13.5 13.0
T Btu/ftc-sec
® (Convective, % 50 30
® Radiative, % 50 10
: ® Reactive, %X 0 60
o o Inconel case temperature
g e Predicted/measured : 1.043 1.006
b
f oo Ful'ly charred lining
[Q " Typica} heat flux (predicted), 13.6 8.0
- Btu/ftc-sec
SO e (Convective, ¥ 60 90
L e Radiative, % 40 10
- ® Reactive, % o 0
y e Inconel case temperature
® Predicted/measured 0.974 0.992

TABLE 9  INTEGRAL ROCKET RAMJET TRANSITION INTEQFACE CONSIDERATIONS

711294
Parameter Consideration
Inlet ® Pressure margin
o Supercriticatl destgn margin
® Subcritical stability 1imit

Fuel control o Fuel flow control accuracy
o Pre-programmed fuel flow rate and time

Combustor/nozzle Ramjet igniter
Fuel flow rate

Thermal protection system

N

*

.

P i .
« .« T
. coeta b
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Propellant sliver
Residual propellant liner
Boot

Booster motor
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Booster

2 \a

— - o
Ramjet fuel -/ w
Podded combustor

A. Initial Podded Ramjet Configuration

Booster
A\

Ramjet combustorj

B. Tandem Rocket Ramjet with Submerged Nozzle

Integral booster ~\
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e — z Ragl B
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Integral rocket ramjet combustor i
C. Internal Rocket Ramjet

Figure 1. Evolution of Integral Rocket Ramjet Configuration
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O-ting assembly Frangibie forward sunport
Port cover (four places) Wire mash (MAG.TEG) ring
Aftigniter sate and arm
support ring
Ejuectable b nozzie

snap ring release mechanism

Wire mesh Safe and arm device

Propeliant grain,
89% solids HTPS
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elastomer
Propellant finer!
bond system
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Pressure
transducer boss

Fuel manifold boss

{tour places) Combustor case
iniet turn snd dump (four places) Fin actuator boss (four places)
View B-8
Port Cover,
Top View

Figure 2. Typical Integral Boost Motor
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Propellant weight, in. 538.25 N
Grain length diameter, in. 2.53 o
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0.75in. Volumetric loading 0.92 B
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Figure 5. wWozzleless Motor

33056
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Figure 6. Two Zone Thermal Model Data Correlation
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Recirculation zone state Combustor state, same as one-zone model
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equilibrium T, «und comgosition

empirical emissivity)

Boundary-layer mode!
(new starting location)
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Charring lining heat transter model,
same as one-zone model

A. Forward Recirculation Zone "~ B. Aft Combustor and Nozzle
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Flgure 8. Nozzleless Motor Ballisti -
gu wzzleless or istics 33059 E““
LD=15 ::::
LD = 5.5
Same A; ;Z:::I
Parameter High L/D Low LD o
Cruise chamber pressure, psia 10.5 - 135 .
Combustor Mach No. 0.43 0.21 <
Cruise heat transfer coefficient (H/Cp) 0.0195 0.0135 -
Integrated surface heat flux at end 7640 5025 [
of Identical trajectory, Btu/ft2 —
Combustion chamber gas velocity, ft/sec 1210 600 e
Conclusions: T
(1) High L/D combustor has 50% higher heating k
(2) High L/D combustor sees 100% higher gas velocity ;




4-18

Elnct inlet port cover
Ramje! fuei AW
Al
spiilage Aamjet fusl
Boosi Operation Transition Ramjet Operation
Po=2100 psla 300 msec Maximum .

Operating Sequence of Intsgral Rocket .Ram]ol

Port Cover Design Problems

Specla Nonejectable Port Cover Problems

Ty

o Must sasl interface between combustor snd air inist over - 85t0 165 F
environmental range (2100 peis)

o Must be opened ragidly (< 300 msec) with minimum preesurs diffecentisl

o First priority must be given to self-

1 port cover op

for o low cost and

o Must provide suitable bonding/structural interfe se for integral solid booster
grain
+ Mundatory for side dump
« Optlona! tor center dump*

o Must be lightweight and not damege ramjet insulaticn

o Must be able 10 withstand rem alr external loads { < 100 pel) during captive
fiights

*H booster grain doss not cover port cover, insulatin is required during booet
operstion

Wust not stiect basle L ing and mixing p

Must not cause signiticont (> 3%) pressure loes

Must not sject any perticies greater than 0.03 In. in diameter for launchichase
aircrait safely

Additional Problams

Mey be required to provide control signals lor remjet engine stact
« Open fusl Isclation valve

« Fire signsl to turbing start cartridge

« Firs signal to ramjel igniter

+ Fire signal 10 ducted rocket gas generator

{qure 10.

112600
1

112612

A. Monolithic Port Cover

Figure 11.

12594
B. Segmented Port Cover
Hinge support,
five required
Opening path
of doors
Attachmant '\n/'"""o"
scrows o 0.5in.
Hard oxide ™~ Oring
coating all Port cover
around port Linear shaped charge
C. Hinged Port Cover
Port Cover Types
33061

IRR Port Cover Design Problem

V-25292

I-beam -

Contour end piste ~\
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Dual purpose combustion chamber Booster grain

Ramjet fuel

= Dual purpose

S combustion chamber
Booster nozzle "
Infet port cover/ Infet port cover L
Ramjet nozzle A:'
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Dual purpose combustion chamber -\ Ramjet fuel Ramjet nozzle nozzie L ¥
B. Transition i
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C. Ramjet Operation 2%

Figure 12. Integral Rocket Ramjet Combining Booster and Ramjet in One Canbustggogizmamber
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Figure 13. Typical Transition Sequences for High Altitude Launch o
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Explosive bolt assembly
Segmont (fcur each
—— gmant( ) Band assemb'y
v
-
Figure 14. Marman Type Booster Nozzle Retention System
. 33063
A
Booster nozzle
Metal Insert
Detonator (alternate location)
Detonator
(proposed location)
Snapring
Nozzle shell
Pyrocore ejection cord
) Ramijet nozzle
— Figure 15. Snapring Type Booster Nozzle Retention System
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LES STATORFACTEURS A COMBUSTIBLE LIQUIDE

par Ph. CAZIN T
Coordinateur Migsiles : SRS,

0ffice National d'Etudes et de Recherches Aéruspatiales (ONERA)

o

0

«
.‘J‘!it E

29 Avenue de la Division leclerc
92320 Chatillon
FRANCE

RESUME

Les statoréacteurs 3 combustible liquide, utilisés pour propulser les missiles supersoniques,
permettent de répondre 3 certaines spécifications opérationnelles, telles que la recherche de
portées Elevéer, jointes 3 une grande flexibilité des trajectoirea. Ces moteurs trouvent ainsi leur
emploi dans un créreav particulier, qui se distingue de c2lul des statofusées ocu des turboréacteurs
supersoniques : leur domaine est celui des missions qui requidrent de fortes variations d'altitude

ou de vitesse.

Les performances énergétiques &levées de ces machines sont obtenues au moyen de techniques ou de

technelogies spécifiques que 1l'on se propose d'examiner, 3 savoir :

* Les combustibles liquides : kérosdne, combustibles liquides trds denses, combustibles boueux, s..

% Syst3mes d'alimentation : par pressurisation, par turbopompe. Avantages et inconvénients de chaque
systéme. Conception des ré&servoirs.

* Pégulation et injection : lois de régulation requises suivant les uissions. Différents types
d'injecteurs.

* Chambre de combustion : conception, dessin génfral, zones de recirculation, localisation de
1%injection, protection thermique, contraintes dues A la présence d'un acc&lérateur intégré.

#* La combustion : performances, rendements et instabilités. On &tudie plus particulilrement les
causes des instabilités de combustion, leurs conséquences et les remddes envisageables pour y

remédier.

% Les bancs d'essal des statorfacteurs 3 combustible liquide, avec leurs caractériatiques
spécifiques.

En conclusion, un apergu sur les nossibilités de ces moteurs suivant les missions, sur les
principales &tapes d'un développement et sur l'avenir de ces techniques, est proposé.

SUMMARY

Liquid-~fueled ramjets provide a means of satisfying certain performance requirements in supersonic
mfssile propulsion, such as combining long range with a large flight path flexibility. These power
plants thus have a particular application quite distinct from that of ramrockets or supersonic
turbojets t aissions requiring major altitude or valocity variations.

The high energy efficiency of these engines is obtained by specific techniques and technologies
which we propose to investigate :

1%

Y

* Liquid fuels : kerosene, very dense liquid fuels, fuels in suspension, etc.. :

®* Fueling system : Advantages and disadvantages of pressure vs. turbopump systems, tank design. e

AN

t
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* Regulation and injection : Regulation laws required for diffecent missions, various iajector
types.

* Combustion chamber : Design, general chape, recirculation zones, injector location, thermal S
insulation, stresses due to integrated booster. ’ :%"

* Combustion : Performance, efficiency and inetability. In particular, we will go into the causes, K
consequences an possible remedies for combustion instabilities. :

* Test stands : Specific characteristics of test stands for liquid~fueled ramjets.
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NOMENCLATURE
A, Section

Indices : 0 4infini amont

section de captation de la prise d'air
diffuseur prise d'air

chasbre de combustion, avant front de flamme
chambre de combustion, aprés front de flamme
col de la tuylre

sortie tuydre

conditions d'arr8t

AW N e

D, diamdtre missile (chambre de combustion)

1 - INTRODUCTION

Le moteur fusée 2 propergol solide a &té et restera encore longtemps le principal moren dg
proprulsion des missiles tactiques : bien adapté aux courtes portées, i1 est capable de fortes accélérations

et gurtout il est relativement bon marché.

Mais 11 a aussi certains inconvénients : par exemple, pour sugmenter sensiblement la portée d'un
missile 3 moteur fusée, il faut, soit lui faire suivre une trajectoire balistique 3 haute altitude, avec les
problémes de guidage et de détection que cela suppose, soit, pour des trajectoires d basse altitude,
augmenter forteoment sa masse et son encombrement.

C'est pourquoi, pour les missiles lancés 2 une certaine distance de Yeur objectif, 1l faut se
tourner vers d'autres syst2mes de propulsion plus eificaces, c'est 3 dire plus &conomiques et capables de
produire une poussée continus : c'est le domaine de la propulsion aérobie, avec le turboréactevr, le
statofusée 3 combustible solide et le statorfacteur 2 combustible liquide. Anrds une rapide comparaison
entre les possibilités de ces trois familles, qui ont chacune un domaine particulier auquel elles sont bien
adaptées, on se propose d'examiner les techniques et les technologies requises pour la propulsion des
missiles par statoréacteur 3 combustible liquide.

2 - LES DIFFERENTS CONCEPTS

Découvert en 1911 par le Frangais R. LORIN, le principe de la propulsion par statorfacteur est
extrlmement simple : il consiste 2 tirvv parti de la recompression réalisable en vol dans une prise d'air,
pour obtenir, aprds combustion, une force de pousefe résultant de 1'évacuation du dé&bit d'air capté&, 3 une
vitesse supérieure 3 celle du vol. Mais il s un inconvénient : n'étant pas sutonome, le statoréacteur ne
peut fonctionner qu'aprds une mise en vitesse par un propulseur auxiliaire ou "accélérateur".

2.1. ~ Rappel historique

Depuis la fin de 1la Deuxidme Guerre Mondiale, juequ'd 1965 environ, i1 y eut dans plusieurs pays un
effort de recherche important qui aboutit d de nombreunx esssis en vol de missiles expérimentaux et 2
quelques développements opérationnels, principalement pour des missions surface~air ou sol-sol.

De cette &poque trds fertile, on peut citer tout d'abord les missiles opérationne’s américains
BOMARC et TALOS, britanniques BLOODHOUND et SEA DART et soviétique SA4. En Prance, malgré vlus de 200 essais
eu vol qui ont permis d'acquérir de solides connsissances techniques et technologiques, 1} n'y eut aucun
développement opérationnel : c'est de cette &poque que datent les missiles expérimentaux CT 41 et VEGA de
Nord Aviation, R431 de MATRA-NORD~ AVIATION, STATALTEX de 1'ONERA, etce..

Tous ces missiles avaient des configurations voisines, 2 savoir
(Fig. 1) :

~ prise d'air axisymétrique située 2 1l'avant
~ acc8lérateurs largables, monté&s en tandem ou latéralement
"« chambre de combustion 3 accroche-flammes métalliques (gouttidres, cBnes percés de trous ...)
~ combustible liquide kérosine.
Puis entre les années 1965 et 1970, se produlsit une décroissance des recherches sur le
statoréacteur classique, modérément supersonique, au profit du statorSacteur hypersonique 3 combustion

supersonique (kérosdne ou hydrog2ne). Les applications alors envisagbes &taient : l'avion Mach 6/7, le
lanceu~ atmosphérique récupérable, le wissile tactique sol-air ou air-air 3 vitesse sup&rieure 3 Mach 6.
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Fig. 1 : Configuration des années 1960/1970 . missile awpérimental
francais STATALTEX (ONERA)

2.2, ~ Tendances actuelles

|

Vers les années 1970, on a assisté, surtout aux Etats~Unis et en France, 3 l'apparition de nouvelles
configurations aérodynamiques et 3 la mise au point de technolugies destinfes 3 rendre le statorfacteur plus
attractif et plus compatible avec les exigences opérationnelles. De plus, c'est en 1973, lors de la guerre
du Kippour, que le missile SA.6 soviétique propulsé par statofusfe 3 accélérateur intégeré, a mentré sur le
terrain, 1'efficacité des formules nouvelles., Enfin les progr2s effectués daus le domaine dey équipewents de
guidage, de pilotage et des calculateurs embarcués permetten’ maintenant d'ervisager de fagon plus réaliste
une extension sensible du domaine de vol des missiles (portée, vitesse, dénivelée, diversification des
trajectoires, manoeuvrabilit&, ...). :

C'es: ainel que, sous 1'impulsion de ces nouvelles contraintes opérationnellesz. sont apparus depuis
les années 70, les concepts suivants : ‘ f
* Configurations aérodynamiques 2 prises d'air latérales (et non plus frontales) afin de rendre le missile
modulaire (structures simplifiées et maintenance facilitfe) et dégager 1l'ogive (montzge pr.sible de 'tout

type d'autodirecteur électrsimagnétique). . 1
B |
I

* Statoréacteur avec accélérateur intégré : cette technologle permet de concevoir un miseile beaucoup{plus

compact et surtout monoétage et ainsi d'éliminer les probl2mes de sécurité 1liés 3 la retombée d'un |

accélérateur d'appoint. |

Chanbre de combustion "tourbillonnaire®” , c'est 3 dire dans laquelle la flamme n'est plus stabilisée par
des accroche~flammes métalliques mais par des dispositifs purcment aérodynamiques, laisgant. ainsi la

liberté de remplir la chambre avec le propergcl d'accélération.

Statofusée 3 combustible solide : dans ce concept, on a recherché 3 simplifier encore le systdme
propulsif, de telle sorte que le stockage et la msintenance s'apparentent 3 ceux d'une munition ou d'un

missile classique 3 propulseur fusfe. Il en existe deux variantes principales :

~ la plus simple est le statofus&e A générateur i.t&gré ('Solid~fueled ramjet”), dans laquelle le
combust!ble solide du statoréacteur est placé directement dans la chambre de combustion.

~ le statofuse A générateur séparé ("Duzted rocket") qui est plus ou moins simple selon la nature du
combustible et 1l'existence ou non d'un systime de modulation.

Ces nouvclles technologies ont rendu ce syst2me propulsif trds attractif, du point de vue militaire,
en supprimant on eq atténuant ses principaux inconvénients. C'est pourquoi de nombreux pays se sont lancés
dans cette vuie depiis les années 1970 ; on peut ainsi citer, en se limitant aux missiles essaySs en vol en
Occident :

~ aux Etats Unis, des prototypes ou missiles expérimentaux : 1'Advanced Strategic Afir~Launched Missile
(ASALM), 1'Advanced Low Volume Ramjet (ALVRJ).

~ en France, l'activité est trés fmportante puisqu'elle concerne, non seulement des missiles expérimentaux,
tels que le statofusée 3 générateur séparé ("Ducted rocket") essayé en vol en 1976/77 et le statofusée
"rustique™ 2 générataur intégré ("Solid fueled ramjet") essayé em vol en 1983/84, mais surtout 1'ASMP
(Air-Sol Moyenne Portée) qui sera bient8t le premier missile opérationnel de ce type dans le monde
occidental (Fig. 2) ; 11 utilise un statorfacteur 3 combustible liquide.

= enfin la Prance et 1'Allemagne préparent le missile ANS (Anti-Navires Supersonique) destiné 3 succéder
2 la famille EXOCET. Deux systdmes propulsifs cont en compétition : uri statorfacteur 3 combustible
liyuide (AErospatiale/ONERA) et un statoiusée 3 combustible solide dopé au bore (MBB), dont un modadle A




Fig. 2 1 Configuration récente : missile

francais Air-Sol (Adrospatiale)

I1 faut noter que l'int&r&t marqué des Européens, e. particulier de 1la Prance, pour ces formules
aouvelles, s'explique, notamment pour les amissions air-surface, par les faibles dimensions des avions

Buropéernc t lorsque l'on compare les possibilit%s d'emport d'un Bl ou d'un F15, 2 celles d'un Mirage IV ou
d'un Super-Etendsrd, i1 est bien évident que les exigences d'amélioration de la compacité du missile sont

plus &levées en Prance qu'sux Etats~Unis !

2.3. = Poseibilités des starorSacteurs A combustible liquide, par rapport 3 celles des statofusfes ct des

turboréacteurs supersonicues

Chaque tjpe de moteur a des avantages et des inconvénients selon l'emploi opérationnel auquel 11 et

destiné. Alnsi, pou= mieux cerner les possibilités du statorfacteur 3 combustible liquide {1 faut le
comparer aux moteurs qui sont les plus proches, le statofusée d générateur séparé et le turboréacteur
supersonique. En effet, le statofusée X générateur intégré ("Solid fueled ramjet"), plus spécifique des
petits miseiles ou des courtes portées, entre beaucoup woins en concurrence avec le statoréacteur d
combustible liquide.

2.3;1.§ggtoréacteur et statofusfe A générateur slparé

Les domaines d'emploi, 3 savoir les trajectoires de moyenne portée, sont assez proches

N
H

c'est

pourquoi les industriels européens envisagent les deux formules pour sropulser le futur missile ANS.

le tableau ci-dessous montre les possibilités de ces moteurs :

AVANTAGES

INCONVENIENTS

Mipeile 3 stato-
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- Pour illustrer la proximité des domaines d'emploi, la figure 3 coumpare 1l'encombrement et la masse de

'8 quatre missiles supersoniques alr-surface (portée 3 basse altitude : 100 km) :

* deux sont propulsés par statorSacteur A combustible liquide (kérosidne de densit& 0,8 et combustible
liqu?’de de densité 1,0).

off * deux sont prcpulass par des statofusées 3 combustible solide discret (densité 1,2) et & combustible solide
dopé au bore (densité 1,7).

X Densiré ' v - —kfm) Masse au
- combus!ible ] 2 [ départ (kg)
¥ I Sl =] 850
(1rquate) Statoréacteurs
.. 10 — = = 85 . ,
L s Fig. 3 : Conparaiscn statoréacteur/statofusée. Mis-

sion : Air-Surface-Mxch 2 - 2=0-D=0,35m

~ T2 930
T (solide)
17 900

Bien que les &carts de masse et de longueur solent relativement mod&rés, on constate l'intérdt des
combustibles denses pour la compacité du missile.

Mais, une comparaison plus précise entre ces deux formules doit tenir compte d'autres critires
complémentaires tels que

- diversification des trajectoires,

~ discrétion optique du jet,

colt du développement et cofit du missile en série,

possibilités industrielles,

= etCess

Elle dépend donc fortement de la mission envisagzée.

2.3.2. Statoréacteur et turborfacteur supersonique

Les domaines d'enploi ne sont pas aussi proches. Mais puisque, pour les missiles tactiques
subsoniques de type air-mer ou mer-mer, on trouve une cohabitation entre des moteurs trds différents, 2
savoir la fusée 3 propergol solide (EXCTET, KORMORAN, GABRIEL, ...) et le turboréacteur (HARPOON, OTOMAT,
SEA EAGLE, ...), on peut penser qu'elle puisse se poursuivre en supersonique, en particulier pour des
raisons industrielles.

C'est pourquoi, le tableau suivant montre les principales possibilités de ces deux moteurs :

AVANTAGES INCONVENRIENTS

o se oo e

* plus lourd et plus
encombrant pour les
portées supérieures 2
150 km (vol 3 basse
altitude)

Missile 3 statordacteur * plus rapide
4 combustible liquide * plus manoeuvrant
w dénivelées plus
&levées

s %5 an ee ss B0 o4 ae

* complexité du
systéme propulsif

Missile 3 turbo~ * faible consommation

réacteur supersonique

H

:

s

:® gventuellement

¢ monomoteur pour #* cofit Elevé
t wmissions depuis avion

H * domaine moins Etendu
: en 3

H ~ vitesse maximale

s ~ altitude

H ~ dénivelée

H

~ manoeuvrabilité
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La figure & qui présente, aﬁivant le moteur adopté&, la poussée et la trainfe du missile en fonction
de la vitesse de vol, Eclaire le domaine d'emploi : .

~ le statorfacteur est apte aux grandes vitesses (plus de Mach 2) et aux trajectoires diversifiées.

~ le turboréacteur supersonique basse altitude restera limité 3 des vitesses sensiblement inférieures 3 Mach
2 (Mach 1,6 7). Il prendra son essor d'autant mieux que les portées augmenteront et qu'il sera capable de

voler en sub~, traus— et supersonique.

F(daN) ﬂ
12

-
Ii

Y Jrankes Fig. 4 : Poussée et Trainde de missiles & turborédacteur et
A statoréacteur ( 2 = 0)

2.4, Domaine d'emploi du stuytor8acteur & combustible liquide

En résumé, pour la propulsion des missiles, le statorfacteur est particulildrement bien adapté aux
missions 3 moyenne portée (jusqu'd 150 kilomdtres 3 basse altitude et plusieurs centaines de kilomdtres a
haute altitude), 3 vitesse hautement supersonique ,avec de fortes variations d'altitude et de vitesse .

Dans ce document, on s'intfresse exclusivement au statorfacteur 3 combustion subsonique qui est
capable de fonctionner depuis Mach 1,5 (*) jusqu’d Mach 6, mais qui est surtout utilisé opérationnellement
dans le domaine de Mach 2 3 Mach 4 : en effet, comme le montre la figure 5, il est possible d'obtenir dans
cette zone des periormances quasi-optimales, en simplifiant le moteur par utilisation d'une géométrie fixe
(référence 1). Dans cet exeample ol le Mach de vol d'adaptation est &gal a 3,2, la perte d'impulsion
spécifique du moteur 3 géométrie fixe n'est que 102 3 Mach 4, mais elle dépasse 20Z 3 Mach 5.

Impuision ;
swéciqus 132 somitese
,m«{’) 4‘ \\ variable
/
) / \vGéomirnc
Fig. 5 : Performances optimales d'un statoréacteur au 1000- N\ fixe
kéroséne. (richesse : 1, AS/Al = 3) A0
A"
5001 ’
- 'M“Phﬁ

Pour utiliser un tel moteur, il faut maftriger des techniques ou technologies particulilres,
exapinfes ci-aprds, 3 savoir :

« 1a mise au point d'une famille de combustibles liquides

-~ les réservoirs, et les syst2mes d'alimentation, de régulation et d'injection

- les chambrecs de combustion

3 - LES COMBUSTIBLES LIQUIDES

Les missions qui font appel 2 un combustible liquide sont caracté&rigées :

~ solt par une longue portée, le combustible liquide permettant une meilleure jimpulsion spécifique que
celle des combustibles solides (car ces derniers contiennent généralement des produits oxydants).

~ soit par un domaine de vol &tendu (en particulier en altitude), le combustible liquide &tant plus apte que
les comtustibles solides 3 de fortes variations de débit .

Le combustible liquide le plus utilisé est bien entendu le kéros2ne -de type avistion~ en raison de
son faible colt et de son approvisionnement aisé.
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Mais pour 1l'utilisation sur missile, le probl2me du colit est beaucoup moins aigu qué pour les
applications aux avions ou hélicoptéres, puisque le moteur ne sert qu'une fois. A titre indicatif, le prix
d'un kilogramme de propergol classique est fréquemment plus de 100 fois plus &levé que celui d'un litre de

kérosne !

C'est pourquol, dans plusieurs pays, des recherches ont &té menées dans le but de développec des
combustibles liquides plus efi'caces que le kéros2ne, c'est 3 dire ayant les caractéristiques suivantes :

a) Si possible, pouvoir calorifique massique &gal ou supbrieur 3 celui du kéros2ne

b) Essentiellement, masse volumique nettement supérieure

. Certains de ces combustibles peuvent &tre utilisés aussi bien sur turboréacteurs que sur
statoréacteurs. Mais 1'emploi sur missile répond 3 des critdres de choix trds spécifiques.

3,1, Critéres de choix

Selon la missfon, on choisira un combustible qui réponde en priorité 3 tel ou tel critdre. Parmi
ceux—ci, on peut citer :

* Performances énetgétiques ¢ recherche de combustibles 2 haut pouvoir calorifique massique (ou 3 focte
impulsion spécifique), c'est & dire un pouvoir calorifique inférieur, su moins &zal 3 10 000 K Cal/kg
(soit 18 000 BTU/1b)

* Magse volumique et impulsion volumique . Pour augmenter la conpacité d'un missile, ou 3 volume donné pour
anéliorer sa portée, on recherche une augmentation de l'impulsion volumique : le procédé le plus efficace

est généralemont un accroissement de la masse volumique. Des combustibles liquides de masse volumique
comprise entre 1 000 et 1 100 kg/m3 ont ainei d€j3 &té& mis au point en vue d'une utilisation sur aissile

tactique.

* Poncti t 3 haute alti{tude : certains combustibles boueux, tels ceux qui contiennent des particules
de bore, brilent plus difficilement A basse pression. Ils peuvent donc ne pas 8tre retenus pour des

missions 3 haute altitude.

* Dilatation : la masse voluminue varie avec la température. Ainsi sur un missile devant fonctionner 2 des
températures extr&mes, un kérosdne classique se dilatera en volume d'environ 7 3 6% pour un &cart de 100
degrés centigrades : le réservoir devra donc &tre congu pour permettre cette libre dilatation.

»

Viscosité : la recherche de combustibles de plus en plus denses s'accompagne généralement d'une
augmentation de la viscosité, en particulier aux basses températures. C'est ce phénom2ne qui limite
1'utilisation de combustibles trds denses sur missiles tactiques, en particulier pour les versions air-sol

ou air-surface non stockfes en soute, en raison des conséquences pratiques sur les syst2mes de chasse ou
les pompes.

A titre indicatif, des vimcosités supfrieures 3 150 centistokes posent des probl2mes ou nécessitent
une technologie adaptée.

Mais certains combustibles boueux peuvent 8tre utilis&s malgré& une viscosité statique beaucoup
plus forte, car dotés de propriétés thixotropiques : au repos, ces boues possddent une viscosité &levée
qui chute considérablement dés qu'elles sont soumises 3 une force de cisaillement, c'est 3 dire au moindre

mouvenent.

* Point d'€clair : pour faciliter 1'allumage et la combustion, en particulier lorsque le combustible est

porté 2 trés basse température (missile en charge externe d'un avion effectuant un vol prolongé a haute
altitude), le choix se portera plutdt vers un combustible ayant un point d'éclair 3 basse température.

Mais parfois ce choix ne peut &tre fait pour des raisons de sécurité, par exemple pour limiter les
risques d'incendie A bord des navires (référence 2). Une telle contrainte peut obliger A choisir un point

d'éclair supérieur 3 60°C.

* Point de congélarion : il est bien &vident que celui-ci doit 8tre inférieur aux températures les plus
basses rencontrées au cours du stockage ou de 1l'emport.

* Discrétion : certaines missions op&rationnelles nécessitent l'utilisaticn de combustibles sssurant une
boune discrétion du let propulsif, soit dans le domsine &lectromagnétique, soit surtout dans le doraine
optique (visible et infra-rouge). Une telle contrainte peut conduire 3 préférer des combustibles ne
contenant que des hydrocarbures (uniquement carbone et hydrogéne), plut8t que certains métaux
(aluninium, magnésium) o4 wmétallofdes (bore).

* Stockabilité : les combustibies pour missiles tactiques doivent &tre aptes 2 un otockage de longue durée
q 1l'intérieur du réservoir. Or, 11 ne s'agit jamais d'un produit chimique simple : par exemple, le
kérosdne, pourtant trds courant, est un d&rivé du p&trole dont la composition chimique est trds variable
sulvant les dif{lrents traitements effectués en raffinerie et la provenance du brut. C'est pourquoi
certaines normed ont &té &tablies pour les carburants 3 stockage de longue durée.

Les principaux probléﬁea rencontrés sont les suivants @

- ~ oxydation en présence d'air dissout, ce qui peut avoir une action corrosive ou favoriser 1'apparition
Aa mamman T} an whaulte carteinae nrfrantinne A nrandre an remnlisaace du részervoir et 1'adionction
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- corrosion de certainse matériaux plastiques ou de joints d'étanchéité, ce qui conditionne la
conception du réservoir. Par ailleurs, il existe des additifs qui limitent les risques de corrosiom.

- présence de micro-organismes (bactéries, champignons, moisigsures, levures) qui peuveat se dé&velopper
au contact du combustible. Ils peuvent alors former des boues et des amas de filaments qui risquent
d'obstruer différents organes. La présence d'eau dans le combustible en favorise la prolifération.

* Décantation : certains combustibles de haute densité sont préparés 3 partir d'une suspension de particules
solides lourdes pulvérisées dans un support organique liquide ; la stabilité de la suspension &tant alors
assurée par la gélification du support de fagon 3 bloquer le mouvement des particules.. il faut donc
s'assurer qu'aprds un stockage prolongé i1 n'y ait pas de risque de décantation des parricules solides
susceptibles de modifier les caractéristiques du combustible au niveau des injecteurs.

* Autres propriftés : cette liste n'est pas exhaustive : suivant les applications, d'autres propriétés
spécifiques peuvent &tre souhaitées. A noter en particulier :

- la présence d'additifs anti~glace pour éviter 1@ formation de cristaux pouvant obstruer les filtres
ou les canalisations

-~ 1'adjonction de dissipateurs d'électricité statique pour rendre le combustible plus conducteur

~ les contraintes de cofit du combustible qui n'influent pas uniquement sur le cofit du missile de
série mais aussi sur le colit du développement en raison du grand nombre d'essais effectués (voir

paragraphe 6)

~ 1'gbsence de toxicit&, non seulement du combustible, mais des produits de sa combustion avec 1l'air.
Cette contrainte est impos&e aussi par le développement du missile plut8t aue par son utilisation
opérationnelle. .

- - 3.2. Principaux combustibles liquides

e
//fff. De nombreuses recherches sont effectufes dans plusieurs pays, en particulier aux Etati~Unis
. . (référence 2), afin de mettre eu pcint des combuatibles liquides, soit plus &nergétiques que le ké&ros2ne,
soit surtout beaucoup plus denses.
Ainsi trois principales familles sout appirues :
o a) carburants & base d'hydrocarbures provenant du pétrole ou de la houille : kérosdnes TRO, JP4, JPS,
ie : décaline, tétraline, «..

|

b) carburants 3 base de produits chimiques de syuthdse : RJ4, RJ5, JP9, JP10.,. Pour de tels produits, la

v : proportion d'atomes de carbone par rapport aux atomes d'hydrogdne est plus élevée, de fagon 3 augmenter

1'impulsion volumique.

\ - I

. ¢) combustibles gélifiés injectables ou "boueux" : i1 s'agit de liquides, tels les précédents, dans lesquels
on ajoute une forte proportion de particules solides tr2s fines en suspension ; par exemple : carbone ou
hydrocarbure aromatique, bore, alumininm, nagnésiun (le béryllium &tant S1liminé car toxique et

colteux).

Comme 1'indique le tableau I, le bore est intéressant par son fort pouvoir calorifique volumique,
alors que 1'Aluminium et le Magnésium permettent plut8t d'augmenter la poussée spécifique (référence 1 et

3)'
| 3 : : : : : :
: s : Point : Point @ ¢t Pouvoir calorifique : Rapport @
t  Elément t de fusion :ébullit. : Densité : KCal/kg : KCal/Dm3: KCal/kg :de mélange:
« : s .°c : °C : : : :  air :(avec air):
: : : : : : : : :
2 Aluminium H 660 s 2465 H 2,70 : 7 350 ¢ 19 845 : 1940 : 0,264 :
t Beryllium H 1280 : 2970 H 1,85 : 15900 : 29 410 : 2100 : 0,132 H
} : Dore H 2300 : 2530 H 2,34 : 13 800 ¢t 32300 : 1450 : 0,105 H
I : Carbone H 3650 ¢ 4200 H 2,25 7 830 : 17 620 : 630 : 0,080 H
' 3 Magnéeium : 648 ¢ 1104 H 1,74 : 5910 ¢ 10 270 : 2080 : 0,352 H

£ TABLEAU I : Additifs pour conbustibles liquides boueux

Du point de vue &nergétique, 11 y a intAr&t 3 ajouter le plus possible de particules solides dans
le liquide. Mais pratiquement, cette tendince est freinfe par @

|
’@' ~ le souci de conserver un produit fluide et injectable

~ 1a capacité des particules solides 2 briler dans la chambre de combustion (en particulier, pour
celles de bore, 1l faut qu'elles rencontrent suffisamment de zones chaudes issues de la combustion du
support liquide)
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[~ A titre d'exemple, le tableau II donne les caractéristiques de quelques combustibles liquides. Sans e

8tre exhaustif, car certaines données ne sont pas accessibles dans la littérature, {1 illustre la
recherche de coadustibles 3 fort pouvoir calorifique volumique. On peut constater en particulier que :

Teeers v v .
DAL AN

~ 1'augmentation du pcuvoir calorifique volumique est souvent life 2 une proportion &levée d'atomes de

carbone
= pour les applications a&roportées, on privilégie un bas point de cougélation

= pour les applications sur navire, ce sont plut8t les probldwes de sécurité incendie qui guilent le choix
(point d'éclair &levé)
~ certains cosbustibles "boueux" permettent d’obtenir des pouvoirs calorifiques trds &levés. Deux exemples

de ces produits, objets de recherches en France sont indiqués. Dotés de fortes propriftés thixotropiques, F
ils ont une faible variation du curportement & l’injection, dans un grand intervalle de température. :

[} 3 Hydrocarbures B Corps de Synthidse [ Combustibles boueux 3
1 ' : s :
H t TRO : JPS  :Tétraline: RJ& : JP9 :CSD IST : AK 70-30 t BK 5545 H
t t (ou JP1): 1+5%haxana: t t 1 : t
t H
' 1 : ' [ 1 s " s s
~ : Pormalation :cm Rao :C“ ﬂu :c“ nul :cu Hyy :cw,‘nm‘?c“ llm :(énth;-cl:)u x Bocevkerosdne :
s ? 1 ' : t s "+ é&-o-‘?« t - t
s 1 3 t ' : H t t :
tPouvoir calorifique H t t t 3 t t . ¢ t
tinférieur volumique T 8180 1 8324 t 9247 1 9323 : 9456 : 10400 10300 H 12000 H
t (KCal/dm3) H : .ot [ s i 1 t :
: t ' 3 : ! s 1 : :
t Densité 2 15°C t 0,79 ¢+ 0,83 ¢ 0,95 : 0,9 : 0,94 : 1,04 : 1,06 : 1,25 :
t : s t t t [ ' t :
tViscosité cinfmatique : 9 t 17 3 11 s 60 T 24 t 105 3 Produits thixotropiques H
t 2 ~ 40°C (Cot) s H t t t H 3 t [}
' : : : 1 : t t t
tPoint de congBlation @ ~53° ¢ 46" 1 -40' 1 {-40* 1 (-4 ¢ (00 ¢ (40" : =0 1
s (*C) t 3 H 1 [ - T 1 t -
t H 3 t H ] H t t 3, -,
tPoint d'éclair (°C) 1 >38° o+ 65° . 10° 1 65" 1 24 T 36" 1 - 3 - 1 -t
: s
l} 1 1 t 1 ] T 3 3 o
t Applications tMr Porce: Navy H t Navy tAlr Porce:®* Non opérationnels t* fait l'objet @ .ow
' et t~ avions :Avions et: Mon :~ Talos : ALCM 1* essayés en France sur : de recherches :
3 Observations t-aissiles:nissiles topération:- SLCM ¢ t turboréactaur et t en France t
t 1 t t nel :Tomshawk : : statorfacteur t 3 P
! tcarburant scarburant: 1= GORJE 1 s ' W
1 tclassiqueiclassiqua: H t H t t . %
3 1 ¢ ' s : : s ' ot
' t : t : : ' l : 3 t .:.",
[} ' _..:,
¥
TARLEAU II : Combustibles liquides & fart pouvoir calorifique volumique t:
B o l- t
v:.:-
v NG
& ~ ALIMENTATION, REGULATION RT INJECTION DU COMBUSTIBLR "
L'utilisatisn de conbustible liquide sur missile conduit A des technoldgieo particulidres, 2n raison ‘-:‘.
de contraintes opérationnelles spécifiques, telles que : ok
W
~ Stockage de tr2s longue durfe ( >» 10 ans), avec cycles thermiques, sans modification de 1'état du —
combustible et de 1l'&tanchéité du réservoir. h [t
[
= Expulsion du combustible assurée dans toutes les conditicns de facteur de charge (jusqu'd 10 ou 20 g en .',-::
transversal), en Avitant le ballottement du liquide ; en effet, 11 ne faut pas secouer les &quipements .’_
embarqués, ni surtout désamorcer les pompes ou les vannes , avec le risque d'extinction du statorfacteur Ot
qui s'en suivrait. C'est pourquoi il est préférable de recourir 2 un dispositif "actif" d'expulsion du L
combustible (piston ou vessie pressurisfe). »y

~ Systdme de régulation capable d'assurer une grande plage de variation de débit A titre indicatif, un
nissile devant évoluer dans une gurme &tendue d'altitude, avec des trajectoires diversififes, aura
pratiquement besoin d'une régulation de débit dansa un rapport de 1 2 15 ou 1 3 20 pour couvrir 1l'ensemble

du domsine de vol.

e .
e
LS

PO

.

Par ailleurs, d'autres contraintes plus générales sont 3 prendre en compte :

R s S TR L

~ recherche d'une grande compacité , ce qui conduit 3 optimiser le systdme de chasse du combustibls et la | -
conception du réservoir, o
D%

~ recharche d'une réduction de la vulnérabilité du missile 2 des impacts de balles ou d'éclats, ce qui peut '.-:
conduire 3 un fractionnement du réservoir, :-',
~ @tCosoe ;:1’

R
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4.1, Syst2mes d'alimentation

I1 existe de nombreuses techniques p.ur expulser le couwbustible du réservoir et alimenter le moteur.
Si 1'on gse limite A celles développées ces dernidres années, on peut dire qu'elles se groupent en deux
familles :

* les systdmes de chaasse 3 partir d'un ga: sous pression

* les systidmes 3 turbo-poumpe.

Ces deux techniques ont &t& déveloprées avec succds : schématiquement, la premidre est
particulidrement bien adaptée sux problémes de stockage de longue durée, tandis que la se:onde est
préférable pour les vols de longue portée.

Les missiles les plus anciens, ou certains prototypes ont utilisé un réservoir d'air ou d'azote
comprimé sous plusieurs centaines de bar. Ce gaz, aprds passage dans un détendeur &Etait envoyé dans un
réservoir & piston ou 3 vessie.

Majis cette techrologie est mal adaptée aux conditions opérationnelles des longs vols 3 basse
altitude : dds que la portée s'accroft, la masse et 1l'encombrement deviennent prohibitifs. C'est pourquoi
on utilise maintenant un gaz fourni par un générateur pyrotechnique, soit 3 propergol solide, soit 3 ergols
liquides. Dans les deux cas, les gaz produits doivent €tre suffisammenc froids pour ne pas dégrader les
matériaux du plston ou de la vessie.

La figurz 6 illustre une telle technique : res gaz "froids" délivrés par le générateur poussent un
piston qui chasge le combustiltle vers les injecteurs. Cette conf _aration est bien adaptée au stockage de
longue durfe, car le combustibie peut &tre totalement i{80lé et sans contact avec des matériaux organiques
ou plastiques, une membrane métallique claquable scellant compldtement le ré&servoir. Il faut, blen sdr,
prévoir 2 1l'arridre du réservoir une enceinte d'expansion pour assurer la libre dilatation du combustible.
Cette formuie supprime totalement les risques de ballottement ; mais “le es* .ncompatible avec
1'utilisation de réservoirs multiples ou de forme irrégulilre.

Piuo7 Enceinte d'upansio7
Générateurs
de gar i . .
njecteurs Fig. 6 : Alirentation par générateur de ¢pz et
piston
emnbrane ““Vame
d #tanchite de régulation

L'utilisation d'un générateur de gaz présente des avantages opérationnels, mais elle conduit aussi &
certaines contraintes pour la régulation du débit. En effet, ce dernier est fonction de l'Ecart entre la
pression dans le réservoir et celle qui rdgne dans la chambre de combustion. Il existe donc :
~ une pression minimale dans le régervoir, suffisante pour une injection correcte lorsque la pression

dans la chambre est &levée (par exemple vol 2 grande vitesse 2 basse altitude)

~ une pression maximale afin de limiter les contraintes, ou les déformations, dans la structure du
réservoir.
C'ast pourquoi, dans le cas de missions de longue durée, comportant de grandes variations d'altitude
ou de vitesse, c'ust A dire de grandes variations de débit de combustible, un tel systéme suppose :
-
% un fractionnement en plusieurs générateurs de gaz fonctionnant successivement (limitation de la pression
maximale)

# 1'utilisation d'injecteurs 3 section variable (voir paragraphe 4.3.1.)

4.1.2. Systimes 3 turbo-pompe

Le transfert du combustible du réservoir vers les injecteurs peut &8tre assuré par une turbo-pompe.
Celle~ci aspire le combustible et fournit la pression nécessaire 3 une bonne injection. La turbine qui
entraine la pompe est aliment&e par un préldvement d'air dans la manche (de 1'ordre de 1% du débit d'air
qui traverse le moteur), son &chappement s'effectusnt 2 la pression atmosphérique. On arrive ainsi A un
systdme beaucoup plus 1léger que dans le cas od la pompe serait entratnée par un moteur &lectrique alimenté
par des batteries.

Dens cette formule, le combustible est généralement stocké 3 l'int&rieur d'une vessie souple ;
celie~ci est pressurisée A la pression de 1'air entrant dans la chambre (fig. 7), cette pressurisation
permettant de "gaver" la turbo-pompe et ainsi d'éviter les risques de cavitation.

Une telle configuration est bien adaptée aux missions de longue durée, ou a 1l'utilisation de

- memtndime Bo anmbiemdLY . B e . £

'
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* la mise au point de la turbo-pompe quivdott, iprds des années de stockage, faire preuve d'une grande

fiabilité dans des conditions opératiounelles d'emploi trds variables, par exemple en température.

* la conceptinn du réservoir et le choix des matériaux permettant un stockage de longue durfe. En

particulier, le matériau de la vessie doit :
~ assurer une Etanchéité parfaite au stockage

~ ne pas se dégrader au contact du combustible

~ 8tre apte 2 une pressurisation par de 1'air chaud prélevé en amont des injecteurs (température
pouvant 8tre supérieure 3 400°C suivant la vitesse de vol)
Vessie souple .
/ {

Fig. 7 3 Alimantation par turbo-pompe et vessie souple

Prise
dair

L
Turbine & Vame de
air régulation

~ avoir une bonne tenue wécanique pour résister aux efforts dus aux facteurs de charge et néannoins
8tre suffisacment souple pour expulser presque tout le combustible (par exemple rendement

d'expulsion supérieur 3 96%).

C'est pourquol des vessies métalliques sont parfois utilis€es.

4.2 Principe de la régulaticn

le systime de régulation doit fournir & chaque instant le débit de combustible ndcessaire au
programme de vol (ré&f. 4). Il duit donc, dans tout le domaine (caractérisé par la variation du nombre de
Mach, de 1'altitude, de 1l'incidence, de la tempfrature de 1l'atmosphdre, ee.) ¢

- * gssurer un fonctionnement correct du moteur ; pour cela ie débit de combustible doit toujours &tre

compris entre deux valeurs limites :

~ une valeur maximale correspondant A la poussée maximsle compatible avec la limite d'extinction riche
et le fonctionnement stable des entrées d'air,

-~ une valeur minimale correspondant A la poussée minimale compatible avec la limite d'extinction
pauvre.

Cre v v
LT, v

* persettre de régler la vitesse du nissile aux valeurs demandées par le programme de vol, en fonction du
temps, de 1l'altitude, ...

v

..E E:
5 :

s alaie’ e

h Une chafne de régulation comprend donc une vanne de réglage du débit, un ensemble de capteurs, un
calculateur et un systime d'asservissement (fizure 8).

i La position de la vanne de régulation est asservie de fagon A ce que la valeur d'un paramitre
caractéristique de la poussée, calculée 2 partir de mesures faites sur le statoréacteur en fonctionnement,

soit égale 2 la valeur de commande.

v e e e .
-

PR M
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I1 faut noter que la régulation d'un combustible liquide peut se faire avec un temps de ré&ponsge
beaucoup plus bref que celul d'un combustible gazeux (pour un statofusée avec générateur de gaz slparé, 1l
faut en effet tenir compte de la réponse du propergol et du volume du générateur) et donc peut &tre
utilisée néme au cours de manceuvres trds rapides (mises en incidence brutale, par exemple). Le moteur
peut alors fonctionner avec une marge supercritique plus réduite et donc des performances optimales.

+ € | Agservis- Vanne de Stato-
nment - régulation ™ duﬂnur—I- Missile

Pression moteur

- Pression de consigne | Capteur Fig. 8 : Schéma d'une chaine de régulation

[} | B
|Programme Cantrale
de vol inertielle

4.3. Injection

4.3.1. Technoliogie des injecteurs
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Celle~ci est fonction de la mission du miseile et de gon domalne da vol. Par exemple, pour un
R missile air-sol capable de voler 2 trds haute et trds basse altitude, ou d'un missile mer—mer avec croisidre
4 moyenne altitude, et accélération au niveau de la mer pour des &vasives finales, le débit de combustible
nécegsaire peut varier au moins dans un rapport 1 a 15 .

Dans ce cas, la différence de pression A tvavers un injecteur 3 section d'injection fixe devra
varier dans un rapport 1 2 225 (*). Or, pour bien pulvériser un combustible liquide, surtout s'il est un peu
visqueux (pour mémoire certains combustibles deases sont visqueux 3 froid), 11 faut une différence de

- pression minimale A travers 1'injecteur. Supposons que celle-ci soit de 1 bar 3 haute altitude, cette
/ différence de pression devrait varier alors de 1 3 225 bars, ce qui correspond 2 basse altitude 3 une
pression d'injection trop &levée, de 1l'ordre de 235 bars.

,#// C'est pourquoi, pour de telles missions, on utilise :

Eo ~ soit plusieurs circuits &quipés d'injecteurs A section constante, coupés sucressivement lorsque le debit
b diainue (figure 9).

~ soit un seul circuit &quipé d'injecteurs'l section, ou 3 coefficient de débit, variable permettant
d'exploiter au mieux les possibiiités du systime d'alimentaticn.

Les techuologies mises en oeuvre sont trds diverses : injecteurs 3 boisseau tournant, 3 boisseau
couiissant, 3 membrane, ...(figure 10).

< Ean dehors des probl2mes classiques, de,mécanique, de lubrification et d'usinage, la mise au point de
N tels injecteurs consiste A vérifier que 1'homogénéité du panache et la qualité de la pulvérisation se
) cuiservent malgré lo variation

~ de la gection d'infection
~ de la pression d'injection
~ de 1a pression du courant d'air.

InjeCteurs & 2circurts

)
N

1 et 2 Vannes de laminage 8 positionnement proportionnel
3 Electrovanne de barrage
Circuits 1 et 2 : basse & moyenne altitude G
Circuits 1 vanne 3 fermée : moyenne 8 haute altitude iiq 3) & fente déformable
1) & boisseau tournant

Fig. 9 : Injection A circuits séparés Fig. 10 : Inf urs & tien variable

(*) Rappel :q=CpS_ V 2(°Ap

q : débit massique |
i CD ¢ coefficient de débit caractérisant la géorStrie
/ de 1'injecteur
Sc : section d'injection
¢ masse volumique du combustible
Ap ' : différence de pression 3 travers 1'injecteus

4.3.2. Localisation de 1'injection

qcatisation Qe.L.inlecty

de nombreuses années, essentiellement empirique . C'est pourquoi la mise au point compldte dfun moteur
. nécessite plusieurs années d'essals au banc, surtout si le domaine de vol est étendu. En effe s le nombre de
'/" paramdtres de riglage est &levé : '

b/' la localisation précisec de chaque injecteur est un probl2me difficile et qui reste prpbablement pour

~ type d'injecteurs
o ~ nombre et position
- ~ orientation du jet de combustible : dans le sens du courant, 3 contre-couran%, etc.ss

Pour chaque configuration d'injectlon, il faut optimiser, dans toutes les conditions du vol (Mach,
altitude, incidence/dérapage, +e.) :

~ le rendement de combustion

~ les limites d'extinction riche et pauvre
~ les pertes de chzrge internes

~ les instabilitée de combustion

—
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5 - CHAMBRES DE COMBUSTION

La chaabre de combustion d'un statoréacteur est un des &léments du missile dont le développement est
le plus long. Eun effet, elle doit assurar un grand n~mbre de fonctions, principalement wsur lel versions

wodernes od 1' accélétateur est intégré. Ces fonctions sont les suivarntes ¢

. r—-.—-ﬂ

* assurer une combustion avec un bon rendement, tout en minimisant la trainfe aérod \amique du missile : ! 1
ceci conduit & une réduction des sections froutales, donc 3 des “itesses internes trds &levées &;*7'3
(fréquemment 100 3 150 mdtres/sec dans lee entrées d'air et 300 metres/sec. dans la chambre). C'est R
pourquoi la flamme doit &tre stabilisée par des moyens particuliers, wécaniques ou aévodynamiques. ?;:23?:

e

* contenir le propergol de l'accélérateur in._%or§ et par conséquent les contraintes qui résultent de son ‘:f,ﬁh}

fonctionnement : trappes assurant l'étanchéité 3 1'amont en phase accélérée, tuydre maintenant la pression é‘},{ﬁ

k

A Al
!
A

e tulm

de 1'sccélérateur (70 2 140 bars) puis a'éjectant en fin de séquence.

* sontribuer 2 1'endurance du moteur, surtout pour les vols de longue durée avec des conditions de .5
température et de pression interne trds variables. ‘ y ISNGAL
. _ - ity .':7'
I1 faut noter que ces fonctions ainsi que les contraintes qui en ré&sultent, sont pratiquement ;i.;:ir
indépendantes de la nature physique du combustible, qu'il soit liquide ou gazeux (statofusée). LR
o WA
S

5.1. Conception Fooo.
bz

La conception d'une chambre de combustion dépend de la configuration aérodynamique du missile et de

la sission qui lui est wssignée. D'une fagon générale, on peut distinguer :

R

5.1.1. Les configurations avec accflfrateur séparé , celui~-ci pouvant &tre monté en tandem, latéralement
ou coulissant dens la chambre de combustion. Dans ce cas, la chambre n'a pas 3 subir les contraintes d'un

accéllrateur intégré :

- elle peut contenir des accroche-flammes métalliques pour faciliter la combustion

~ elle fonctionne 3 basse presaion (inférieure de 10 bars environ) et ne comporte pas d'obturateurs

#jectables
- sa structure pecvt 8tre optimisée par les conditions d'endurance en vol de croisidre, avec un choix

beaucoup plus large de technologies. Par exemple, on peut envisager des solutions od les parois sont
refroidies par film d'air prélevé 2 1l'amont, comme pour les post~combustions des turboréacteurs

< la séquence d'allumage du stator8acteutr n'est pas critique, puisque celui-ci peut &tre allumé y compris
pend mt le fonctionnement de 1'acc&lérateur

~ 1a longueur de la chambre est déter—infe par l'obtention d'un bon rendement de Lombustion. Elle peut
Stre plus coarte que pour les versions A accélératcur intégré (soit 1 midtre au maximum).

Exeample de calcul de la longueur minimale d'une chambre de combustion (figure 1) :

Considérons un mélange précarburé pénétrant dans une chambre de combustion. La longueur minimale de
la chambre est celle 3 partir de laquelle la combustion peut 8tre considére comme compl2te, avant que

1'.coulement ne péndtre dans la tuydre d'éjection.

A partir du point B, zone ol la flamme s'accroche, se détache u front de flamme BA 2 la traversée

duquel la combustion se produit ; si elle &tait instantanfe, 11 est clair que la combustion serait complite
2 partir de A, point ol se ‘ancontrent les fronts de flamme. Mais en réalit&, 11 faut tenir compte d'une

distance supplémentaire qui ect fonction d'un temps caractérisant la durée des réactions chimiques.

Front de Hamme
‘ D 2{km)
| E-\./ 20 Mach 3
/-’f@ o Fig. 11 : Longueur minimale d'wne chantre de combus—
) Mach 2/ Lminfm) g } e e e
Lmip | 1 ~— —r tic.
0 as !

D«0,40m

La longueur minimale eet alors la somse de ces deux termes @

lain = x _v_z + V e

s et V, &tant les vitesses dans la chambre, avant et aprds combustion. la vitesse de
progrelsign du f%ont de flamme Etant ¢

e
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Avec les conditions de ré&férences :

1

Vr = 15 #S " pour Pr = 1 bar

et Tr = 288°K
tc, temps caractéristique des réactions chimiques, est donné par :

0,25

1,8
te x (P3> x (Tiz) *® = 50

La figure 11 montre que la longueur de la chambre de combustion est déi . inée par 1'altitude
naximale de vol. Bien entendu, d'autres configurations géométriques que celles ¢ - cette figure peruettraient
de réduire cette longueur si cela s'avérait nécessaire.

Cette configuration est celle de la plupart des miseiles 3 statoréacteur congus dans le passé. Mais
11 est probable qu'elle reviendra dans 1'avenir pour les vols de longue durfe (plus de 10 minutes pac
exempla).

S¢1+2+. Les configurationc avec accflérateur intégré aans la chambre, qui sont actuellement les plus
&tudiles pour les miseions de courte ou moyenne portée, en raison de leur excellente compacité. Les
contraintes qui guident leur conception sont les suivantes @ :

* 1a longueur est généralement déterminée par le volume occupé par le bloc de propergol, cette condition
tant dimensionnante, méme dans le cas ol le missile est tiré depuis un avion rapide

* la flamme est stabilisée principalement par des moyens purement aérodynamiques, car il faut &liminer tout
dispesitif accroche~flammes au contact avec les gar du propergol. Néanmoins, si les volumes de
recirculation sont insuffisants, 11 est possible d'améliorer la combustion par de petits accroche~flammes
situés en amont des obturateurs &jectables.

* la technologie de la protection thermique est un &l&ment déterminant car les parois sont soumiges 3 des
&écoulements de gaz 3 forte température et grande vitesse, entrafnant des &changes thermiques importants
; de plus elle doit résister 3 des conditions trds différentes :

Dans la phase d'accélération, les gaz du propergol eont réducteurs, 3 des températures élevées,
jusqu'd 3 600°K, 2 des pressions de 1'ordre de 100 bars, mais avec de faibles vitesses 3 la paroi et
des durfes de fonctionnement courtes (4 3 10 secondes environ).

Les gar du stator8acteur sont plut8t oxydants et 3 beaucoup plus faible temp&rature (2 000°K
au maximum, sauf dans les noyaux de recirculation) ct presgion (inférieure ou égale 3 10 bars
environ), mais les vitesses peuvent atteindre 300 & 350 mS = et les durfes de fonctionnement
plusieurs centaines de secondes. :

Bien entendu, la protection thermique doit 8tre de faible &paisseur afin de ne pas réduire la
poussée du statoréacteur (en effet, 3 tuydre donnée, la poucsée maximale diminue avec 1l'augmentation du
nombre de Mach dans la chambre).

Ces problémes techniques peuvent &tre assez facilement résolus pour les missions de courte durée
avec des conditions de fonctionnement r¢lativement peu variables (par exemple mission sol-air de durée
inférieure ou égale & 30 secondes). Par contre, si le vol dure plusieurs centaines de secondes, avec des
conditions trds variables (trajectoiies diversififes 2 basse et haute altitude) le problame devient plus
difficile, d'autant plus qu'il est parfois accentué par la présence d'instapilités de combustion (voir
5.34)0

les solutions envisageables gont diverses, suivant la durée de 1la mission :

5.1.2.1. Protections thermiques fonctionnant en régime transitoire : i1 s'agit de matériaux
composites peu conducteurs qui pyrolisent et se céramisent progressivement en surface. Une faible
conductivité thermique permet non seulement de conserver la paroi externe "froide", mais aussi de
réduire le flux de chaleur qui péndtre dans ‘e matériau, grice A une Elévation rapide de la
température de paroi Tpi au contact avec la flamme :

Q= Ch c v Cp (Ta - Tpi)

Cg, coefficient de transfert de chaleur (de 0,001 3 0,005 guivant ia zon: de la
chambre de combustion)

( s V, Cp, Ta, caractéristiques des gaz de com-ustion.

De plus, les réactions d'ablation ou de pyrolyse qui sc produisent en surface
refroidissent la paroi. Mais lorsque le matériav est entilrement ablaté ou céramisé, la
conductivité du résidu est la seule propri&té qui agisse sur le gradient thermique dons la paroi.
C'est pourquoi, un tel procédé est limité en durée : de l'ordre de 10 ou 15 minutes pour des
épaisseurs inférieures ou égales 3 15 mm.

Deux types de produits ont donnA satisfaction @

~ rigidimdres 3 base de résines thermodurcissables (phénolique) chargés de produits réfractaires et
structurés avec un trds fort pourcentage de tissus de silice disposés non paralldlement 3 la
Paroi. Cette strncturation doit &tre telle qu'elle permette les déformations radiales et
: \
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~ §lastomdres 2 base de résine silicone chargés en matériaux et fibres réfractaires qui peuvent
&tre moulés in situ dans la chambre de combustion. Cette solution est performante (car faible
conductivité) et de mise en oceuvre en principe simple. Mais la couche pyrolysée &tant plus
fragile, il est parfois nécessaire a'armer la protection thermique au moyen d'une armature
wétallique ou en matériau composite (référence 5 et figure 12).

Profondeur depuss la paro:
154 métaliique (mm)

Protection

[ thermique . .
{risine silicor Fig. 12 : Gradient thermique dans l'épaisseur d'une
0C 93104, protection therrmique isolante

o ) o 8 - " D i . o a¥s
Armature o 500 1000 1500 2000
(rubsn métalique) )

5.1.2.2. Protections theraiques fonctionnant en régime permanent . Pour des temps de vol encore plus
longs i1 faudrait faire appel 3 des techniques de refroidissement, par convection forcée de l'air, par
rayonnement des parois ou ,localement, par circulation du combustible. Tous ces procédés sont complexes

ou cofteun.

Un autre concept peut &8tre proposé : 1l s'agit de réaliser la protection thermique en -
matériaux "thermostructuraus”, c'est A dire qui ne perdent pas leurs propriétés mécaniques, méme 3
haute teampérature : ceci peut &tre obtenu en associant une structure résistante (fibres de carbone, de
carbure de silicium, d'alumine, ...) avec une matrice stable 3 haute température (carbone, carbure de
silicium, alumine, +..)s L'avantage esc que l'&paisseur du matériau est faible et pratiquement
indépendante de la durée de vol. Par contre, ia température &levée de la paroi externe et la nicessité
d'évacuer les calories par zonvection ou par rayonnement compliquent 1'aménagement du miesile. A titre
d'exemple, 1a figure 13 indique le gradient thermique dans un matériau thermostructural, d'épaisseur 8 mm
et de conductivité k = 10 W/m.X ; deux missions sont euvisagbes : croisidres 3 Mach 3,5 3 un2 altitude de

»
25 ka, et 2 Mach 2,6 3 une altitude de 10 km.
Flux de convection
des gaz de combustion
P

|

/
2s25Km P
Fig. 13 : Gradient thorm! jue dans la paroi @'une chankre mm / 2 0itm
. de combustion en matériav thermostructural /
[ 200 s 100 1m0 e
b RRE
Refroidi ¢ Refroidi: ¢ par

par convection externe  rayonnement(haute altitude)

Les hypothdsee de calcul sont les suivantes @
Coefficient de transfert de chaleur :
bch = 0,0010 2 1l'extérieur du moteur
= 0,0025 3 1'intérieur du moteur
Emissivité de la paroil externe : 0,7

Richesse du moteur : 0,6

5+2. Performances et modélisation

Les performanci e recherchées gont les suivantes :

* bon fonctionnement dans une large plage de richesse ; celle~ci peut aller d'une valeur minimale de 0,2
(manoeuvres A haute altitude, d&cé&lération) jusqu'd une limite riche souvent supérieure au
stoechiométrique (forte poussée pour accélérer ou monter 3 haute altitude, manceuvres, ee.)s

* rendewent de combustion (rapport du débit de combustible brfilé au débit injecté) supérieur & 0,9 en
phase de croisidre.

* effica~ité en pression (rapport de la pression totale au col @ la pression totale en fin de diffuseur)
supéricure 3 0,85 malgré les pertes de charge de combustion ou d'origine aérodynamique (obstacles divers

dans les manches 3 air : injecteurs, stabilisateurs de flamme, .s.).

Ces performances ne sont acquises qu'au prix de nombreux essais 2ffectués sur des maquettes en vraie
grandeur. Un tel développement est cofiteux en raison du grand nombre de paramétres 3 falre verier. C'est
pourquoi 11 est préférable d'optimiser 3 priori la géomStrie et le fonctionnement du moteur grice 3
1l'exploitation de mod2les mathématiques approch&s. La démarche est alors la suivante (r&f 6 et 7) :
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5.2.1. Des essals de visualisation, en &coulement froid, sont réalisés au moyen d'une maquette

transparente (¥ig. 14). Deux méthodes sont employées :

* anéthode du tunnel hydrodynamique : par injection de microbulles, on sbserve 1'&coulement dans la
chambre de combustion, afin de situer les zones de recirculation, les décollements, les tourbillons.
L'utiligation d'un traceur coloré et de techniques vidéo permet d‘'obtenit des résultats quantitatifs :
volume des zones de recirculation, carburaticn locale pour chaque position d'injection, etcees

* wéthode en veine forcée aérodynamique : grBce 3 des mesures différentes (vitesse locale de
1'€écoulement d'air, concentration locale d'un traceur gazeux, ...), il est possible de compléter la
description qualitative et quantitative de 1'&coulement dans la chambre de combustion.

Fig. 14 : Visualisation hydrodynamique de 1'écoule-
went dans une chankre de combustion

5.2.2. A partir des résultats expérimentaux obtenus précédemment, une modélisation simplifiée de la
combugtion est effectuée, en considérant globalement iec zones principales de la chambre, par exemple
les réacteurs Rl, R2 et la zone de jet J (Fig. 15). Pour chacune de ces zones, les essais ont permis de
déterminer le volume occupé dans la chambre et les fractions de débit d'air et de débit de combustible

qui les traversent.

Fa sssimilant les réacteurs Rl et R2 3 des foyers homogines, 11 est possible de prévoir les
linites de stabilitd de la combustion dans tout le domaine de vol (Fig. 16).

. Bien que la méthode ci-dessus soit sommaire et ne rende sans doute compte qu'imparfaitement des
phénondnes, elle permet d'effectuer une optimisation paramétrique de la configuration, ce qui facilite
et réduit le colt de la mise au point de la chambre de combustion.

304 Z(km) R, ® avec combustion
zone de jet J } R,
201 [
104
= zone de réaction
= secondaire R p
Zone de réaction primaire R, 0 d 1 2 "3
Fig. 15 : Mxdélisation d'une chanbre de combusticn Fig. 16 : Prédiction du Jdomaine de stabilité

5.3. Instabilités de combustion

Tout mcteur thermique auquel on demsnde d'excellentes performances dans un domaine ie fonctionnement
trds &tendu risque de rencontrer en quelques points de ce domaine des phénom2nes vibratoires génants. Ce
n'est pas une particularité du statorfacteur, et l'on sait que de graves d&boires peuvent apparaftre sous
forme d'instabilités de combustion, aussi bien sur les fusées 3 propergol solide que sur les fusées 3
liquide, d2s que 1'on recherche des performances &levées (exemples : instabilités du ler Etage de SATURNE V,
instabilités tangentielles du moteur ARIANE, etcC...).

Toute bonne combustion &tant assortie de vibrations, 11 faut donc s'assurer que celles~ci ne
s'amplifient pas dc telle sorte qu'elles aient des conséquences néfastes, soit sur 1'int%grité du moteur, en
particulier de sa protection thermique, soit sur le fonctionnement des prises d'air, soit sur le ’
comportement des équipements.

Enfin, 1'acuit® de ces probl2mes n'apparait parfois qu'au cours d'un déveioppement, c'est 3 dire
lorsaue la moteur est testé dans toutea mes conditions de fonctionnemant nnrationnal. ear laa mirhndea Ade
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Schématiquement, 11 exist. deux types d'instabilit&s de combustion dont les spectres sont bien
définis ; elles produisent :

* des vibrations de basse fréquence (100 ou quelques centaines de Hertz). Il s'agit d'instabilités qui
apparaissent aux limites thermodynamiques de la combustion et qui sont entretenues par des ré&sonances,
soit des jets pénétrant dans la chambre, soit de l'ensemble chambre de combustion + prises d'air. Elles

sont plus sensibles aux basses températures génératrices.

S1 leur niveau est &levé, ces instabilités de basse fréquence risjuent :
- de fatiguer et de détériorer les structui2s et les &quipements du missile

~ de provoquer des phénomenes de couplage aérodynamique avec la prise d'air et ainsi de liaiter la
poussée maximale (Fig. 17). ‘
* des vibrations de haute fréquence (1 000 et quelques milliers de Hertz). Celles—ci se déclenchent pour
certaines plages de richesse. Ces vibrations risquent de dé&tériorer la protection thermique et de faire
subir de fortes accélérations aux &quipements embarqués. .

Efficacité maximaie dela
prise dair (£, /P;,)
" Sans instabilitis

Avec instabilités

Fig. 17 : Limitation de la poussée maximle par
suite d'instabilités de conbustion de

basse fréquence

Q54

Mach

-

25

~d

Application : calcul des fréquences des principaux modes acoustiques (figure 18)

La fréquence F de chaque mode peut &tre estimée 3 partir de la relation suivante, valable pour une
cavité cylindrique :

Ve &Y

a, vitesse du son dans la chambre de combustion
D, diamdtre intérieur

L, longueur
k et n, coefficients dont les valeurs pour les principaux modes sont .ndiquées ci-dessous ¢

IR AR 24

r
k n "
?.-.
ler mode longitudinal 0 1 ;
ler mode tangentiel 0,586 0
28 mode tangentiel 0,972 0
ler mode radial 1,220 0

L L1 L Lz |
N
H g
D M M
L —
5__.__.__—// :
|
Modes tangentiels Fig. 18 : Modes acoustiques transversaux
1% mode 2’mode 1* mode radiat
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A titre d'exemple, avec les valeurs nusériques,

a>750mwS" De~o0,l0m L, =1,20m L, 1,100

2

les fréquences des principaux modes sont alors @

( ler mode longitudinal (chambre seule) : F = 340 Hz
"Baanen" fréquences( ler mode longitudinal (chambre + prises d'air) :

( ¥ = 160 Hz
( ler wode tangentiel P = 1100 Hz
"Hautes" friquences( 23 wode tangentiel P = 1820 Hz

{ ler wode radial P = 2290 Hz

Comme la plupart des phénom@nes instationnaires, les instabilités de combustion des
statoréacteurs font appel & des phénomdnes physiques cumplexes. Blen que des travsux approfondis aient
été entrepris depuis dix ans, en particulier aux Etats Unis et en France, ils restent encore mal
€lucidés.

Les instabilicés de combustion peuvent 8tre engendrées par différents mécanismes agissant comme
source excitatrice et qui peuvent 8tre amplifiés par apport d'énergie 11& 3 la combustion et couplé
avec les modes acoustiques du moteur. Si ces derniers peuvent 8tre assez facilement {dentifiée, il n'en
est pas de mfme pour les mézan:smes d'excitation et d'amplification : détachement périodique des
tourbi{llons de Von Kirmdn exisiant dans les prises d'air et 3 1l'entrée de la chambre, distorsions
instables dans le diffuseur des prises d'air, et surtout comportement dynamique des zones de
recirculastion.

La conplexité de cer phénomdnes rend Jiftirile le travail du scientifique qui cherche 2
conprendre et A prévoir les Ina-abilités, ... mais 11 favorise la multiplicité des remddes que
1'ingénieur peut apporter expérimentalement.

Ainsi, quelques exemples concrets peuvent illustrer 1l'efffcacité de ces remddes :

ler exemple : 1'injection d'air aux sommets d'un accroche-flaume permet de repousser la valeur de la
richesse limite pour laquelle les instabilitée de haute fréquence (ou "screech") apparaissent (réf 8)., Fa
effet, cette injection d'alr perturbe la couche cisailléc od me forment les tourbillons qui se détschent
de 1'accroche-flamme, phéromdne sdrcdynamique périodique qui, dans ce cas, &tait la cause des
inastedbilités (Pig. 19).

7 rd 7 775777
Injection daw aux sommets dun
accroche -fiamme
Fig. 19 : Variation de la richesse iimite d'ap~
12 r parition des instabilités en fonction
» [ ! du aébit d'air injecté (réf. 8)

A
Fo®
0 1?2

o - -
-

op

23me exemple 1 la manidre dont le coubustible est injecté, vaporisé et carbure les différentes zones de
1a chambre de combustion, a un r8le trds fmportant. Ains{ la figure 20 montre que suivant le débit de
chaque injecteur, on peut faire spparaftre ou disparaftre des instabilités de haute frégquence.

L'axplication physique da ces phéncednes est un problame d{fficfle et controversé, blen que tras
&tudié 1 11 semble qu'en agissant sur 1'injection, on modifie la combustion dans les zones de
recirculation, principales sources d'énergie acourtique (réf 9 et 10).




Répartion de F'injection en % Nivesu des
mA ' onB instabilités de
haute fréquence
I Ap/P (en %)
30 | 70 0
40 | 80 0a2
K 50 l 50 8310
£ . 60 ' 40 12330
~ Fig. 20 : Apparition d'instabilités de combustion en
» fonction de la répartition du débit d'in-

Y ¥ jection

J2me exemple : d'autres remddes peuvent agir, non pas en supprimant la cause des instabilités, mais en
modifiant la structure spatiale du champ de pression et les fréquences. C'est le cas des cloisons
longitudinales disposées 3 la paroi de la chambre (Fig. 21) et qui sont eusceptibles d'amortir certains
modes de vibration (modes tangentiels)~r&f 9. Ce remdde est d'ailleurs bien connu des utilisateurs de

moteurs fusées 3 ergols liquides et & propergol solide.

|
Cloisons longitudinales

tAp(bar)

& Sans cloisons

Fig. 21 : Amortissement des instabilités de haute
fréquence par cloisons longitudinales

DR
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“. *8p(dar)
1 .
Avec closons
A AL HHz)
U Mol
0 1000 2000

I1 est indéniable que, dans le cas de missions de longue durée, le probladme du risque
d'zpparition d'instabilités de combustion doit &tre sérieusement pris en compte. C'est une &tape
importante dans un développement.

|
|
Chambre percée

Fig. 22 : Conséquences des instabilités de haute
frequence sur une chambre de cornbustion
de statofusée

Toutefois, quelques réserves doivent inciter 3 la prudence le responsable d'un programme :

a) i1 n'y a pas, 2 priori, de configuration "miracle” permettant 2 coup sfir de s'affranchir de ces
difficultés. Des &changes franco-américains faits en 1782 sur des géométries trds diverses (une, deux,
trois et quatre entrées d'air) 1'ont montré.
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moteur & 4 entrées d'air alimenté avec du kérosdne, un combustible liquide dense, du propane 3 50°C et
du gaz issu d'un générateur de gaz (700°C) : dans ces quatre cas, on a pu constater sensiblement le
wne type d'instobilité, avec des niveaux &équivalents. Comme le montre la figure 22, ces

instabilités peuvent parfois avoir des conséquences catastrophiques !

6 ~ INSTALLATIONS D'ESSAIS ET PRINCIPALES ETAPES D'UN DEVELOPPEMENT

Comme pour tout propulseur, l'&laboration d'un moteur & statorfacteur passe par des phases
successives, de mise au point détaillée, puis de recette dans toutes les conditions du vol, qui
nécessitent des travaux expérimentaux importants.

De la m8me facon que pour les avions, la tendance actuelle consiste 2 qualifier le missile au
sol, dans un environnement le plus réaliste possible, afin d'entreprendre les essais en vol, toujours
trds onéreux, avec une forte probabilité de succs.

C'est pourquoi la France s'est &quipfe depuis dix ans d'installations modernes bien adaptées 2
ces développements, 3 savoir :

* Centre d'essais de 1'ONERA A Palaiseau et 4 Modane pour les essais en conduite forcée et en jet
semi~libre de statoréacteur A combustible liquide ou de statofusée (Fig. 23). On y traite des
recherches, des développements exploratoires et des développements opérationnels avec simulation de
toutes les conditions de vol (vitesse, altitude, température, conditionnement du combustible,
incidence, &chauffement cinétique, etce...) (réf 11).

* Installations de 1'Aérospatiale (Bourges Le Subdray). De création plus récente, ce centre a des
capacités voisines de ceux de 1'ONERA. Bien &quipé pour les problimes de sécurtté i1 est plutdt axé
vers les essals de qualification industrielle et de recette (ré&f 6).

®* Centre d'essals des propulseurs 3 Saclay. Cette installation trds puissante permet des essais en jet
libre d'un missile complet (simulation de haute altitude).

Fig. 23 : Essai d'un statordactewr avec accélirateur
intégré en soufflerie (ONERA/Modane)

Le délai de développement d'un missile opSrationnel 3 statoréacteur n'est pas supérieur 3 celui
d'un autre type de missile (3 propulseur fusée ou 3 turborfacteur). A titre d'exemple, voici le
calendrier de développement d'un missile frangais de ce type :

Lancement du programme

-

to

to + 1 an ¢ Début de la mise au point du moteur

to + 2 ans ¢ ler essai =n vol depuis une rampe terrestre
(sans accélérateur intégré)
to + 3 ans § ler essal au banc du systéme propulsif complet

to + 5 ans ¢ ler essal en vol depuis avion

to + 8 ans : Mige en service opérationnel.

Pour un tel prograsme (domainc de vol &tendu), les principales qualités demandées aux
installations sont la disponibilité et 1la filabilité . A titre indicatif, pour wettre au point le
statoréateur et le qualifier avec ses &quipements dans toutes les conditions de vol, 11 faudra 600
rafales par an pendant 7 ans (90% des rafalea durent environ 30 secondes et 10% ont une durée
supérieure) et 1l'utilisation d'environ 80 tonnes de combustible liquide. Un développement analogue avec
un atatofunbe 3 ogénérateur sénaré devrait &tre nattement plus lourd (malgré des verformances moins
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7 - CONCLUSION : L'AVENIR DES STATOREACTEURS A COMBUSTIBLE LIQUIDE

Ll

La progression de 1'efficacité dea défenses adverses et le souci de maintenir la plate~forme de
lancement 2 une hnnne distance de sécurité de sa cible, laissent 3 penser que le statoracteur 3
combustibls iiquide a un avenir assuré (Fig. 24). Mais le spécialiste sait trds bien que ce n'est pas une
machine aussi simple que le laisserait supposer son schéma de principe ! C'est pourquoi son utilisation
restera tournfe vers d~s missiles A hautes performances et donc relativement complexes.

Fig., 24 : Missile Air-Sol socus Mirage
2000

I1 faut noter que ces techniques et technologies sont de mieux en mieux maftrisées par les
industriels : par exemple, en France, 1'Afrospatiaie qui a fait d'importants efforts intellectuels et
financiers 2 1'occasion du dé&veloppement du missile ASMP, bient8t opérationnel, dispose de nombreux
atouts pour entrcprendre avec le minimum de risques la réalisation des missiles futurs de ce type.

Or cette expfrience acquise semble indiquer que ce mode de propulsion n'a pas encore donné toutes
ses possibilités. C'est pou:. 101 des recherches et étndes sont menfes pour mieux répondre aux exigences

du futur.

Alnsi d'ici la fin du sidcle, onvverra apparaftre des améliorations des techniques et

technologies décrites dans le présent document. Parmi celles-ci :

* nouveaux combustibles de plus en plus é&nergétiques,

* anélioration de l'endurance des woteurs et des chambres de combustion (structures, protections
thernicues, systdmes de refroidissement),

* mise au point de mod2les permettant de mieux prévoir le fonctionnement des chambres de combustion, en
régime stationnaire et instationnaire, et ainsi de réduire le nombre des essais au banc,

* anélioration des performances et de la précision des syst2mes de régulation, compte tenu des progrds
des calculateurs et des senseurs.
* géométrie variable des entrées d'zir et &ventuellement de la tuydre de sortie.

Ls figure 25 illuastre ces variations géométriques, en premant pour exemple un missile capable d'une
croisidre & Mach 4 3 huute altitude. Pour accélérer franchement et ainsi réduire la durée de la
montée, le rapport des sections doit E&tre grand ; mais c'est exactement l'inverse qui est

»
nécessaire pour réduire la consofifation en croisidre. L'optimisation des performances conduit alors

3 utiliser des entrées d'air et un col variables, ce qui correspond A une technologie sophistiquée
et codteuse. C'est pourquoi des solutions intermédiaires, telles que la variation de section des

entrées d'air seules, méritent d'8tre &tudiées.

Bien slir, un changement trds important des techniques et technologies décrites dans le présent
document se produirait avec 1'utilisation de la combustion supersonique pour propulser les missiles A des
vitesses hypersoniques (mach 6 et plus). Mais ce sujet, passionnant, est traité par ailleurs (F. BILLIG).

Ay section entree
d'air

Limitation

i combustion

051 e R (Mach M3 )
) Fig. 25 @ Variations de gécmétrie permettarc d’optimiser
o les phases d'accélération et de crois.ére
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. SPECIAL PROBLEMS OF RAMJET WITH SOLID FUEL
by ‘
e T O Myers
~Upited Technologies/Chemical Systems Division

P.0. Box 50015
San Jose, California 95150-0015

SUMMARY

Ramjet propulsion systems that use a solid fuel have been of interest to missile
design engineers since the 1930's, The operational simplicity of the solid fuel ramjet
is of great interest since it does not require fuel tanks, fuel pumping devices or fuel
controls to operate. Thc potential for a highly reliable and storable ramjet propulsion
system exists at a cost only slightly higher than a solid rocket motor, The solid fuel
ramjet can provide specific impulse in the 900 - 1000 second range, resulting in typical-
ly a 200 - 400 percent range increase over a comparable size and weight solid rocket

motor.

The "self-throttling" characteristics of the solid fuel ramjet permits high perfor-
mance operation from sea level to high altitude conditions. Thus, early beliefs that the
solid fuel ramjet would only be used for constant altitude and speed missions have proved
to be erroneous as a greater understanding of the solid fuel ramjet engine operation was

developed,

Another unanticipated benefit of the solid fuel ramjet engine that evolved during 10
{ears of development tests at the Chemical Systems Division was the high degree of com-
ustion stability experienced with a wide variety of compbustion types and sizes., The
basic diffusion-controlled soiid fuel ramjet combustion process results in a distributed
energy release throughout the combustion. This uniform energy releasc in the solid fuel
ramjet engine is believed to be the basic reason why no combustion instability problems
have been encountered in over 2500 combustion test firings with many different combustion

configurations,

Given all of these attributes of the solid fuel ramjet it is interesting to consider
why the solid fuel ramjet engine has not yet been selected for an operational missile.

. The probable reason is a lack of understanding of the special problems of ramjets with

’ solid fuel that cause the potential missile developer to have concerns about its satis-
factory operation over a full flight envelope and with the "off-design" effects that
result from enviro-mental conditions and manufacturing tolerances. Unfortunsitely, the
basic operational simplicity of the solid fuel ramjet conversely requires a »e'atively
complex analysis to select a grain design for a given set of mission requirements,

The spicial problems that are associated with ramjets using a solid fuel include:

Selection of a fuel type

Flameholding requirements that 1imit maximum fuel lcading

Fuel regression rate behavior as a function of flight speed and altitude
Diffusion controlled combustion process that requires special mixing section

Inlet/combustor matching.

7
([ X X N X}

Considerable insight has been acquired with these special solid fuel ramjet design
problems over the past 15 years, Over 2500 ground test firings have been successfully
conducted that have included direct connect, semi-freejet and freejet tests. Moreover,
in the last few years several hundred experimental flight tests have been successfully
conducted that confirm the operational flight characteristics of the solid fuel ramjet.
In this lecture we will briefly examine each of these special design problems associated

with the solid fuel ramjet,

SOLID FUEL RAMJET TYPES

Two types of solid fuel ramjet engines have evolved in the course of recent develop-
ment testing. These two basic types are shown in figure 1, The :op schematic shows the
non-bypass combustor type with a special vane mixing device installed aft of the solid
fuel grain. In this solid fuel engine all of the inlet air flows through the solid fuel
grain., The lower schematic shows a bypass combustor where a fraction of the inlet air
is bypassed to the aft mixing section where combustion of the fuel-rich combustion gases
from the fuel grain section is completed, Bypass aiv ratios from 25% to 80% are typi-
cally used to match a specific set of mission requirements.

Both of these solid fuel ramjet combustor types can be used with single or multiple
inlets, using an air mixing manifold to provide a uniform air flow to the combustor,

Because of the special operating featu es of the solid fuel ramjet, additional
station locations have been added to the standard ramjet stations as shown in figure 2,
These special solid fuel ramjet engine station decignations include:

e 2a - entrance to inlet air manifold
e 2b . entrance to air flow injector
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Thuse special station designations are used to help analyze the solid fuel ramjet engine
combustion efficiency and pressure losses.

There are a wide va-iety of solid fuel binder materials that have been investigated
to date. Depending on the mission requirements, the best gravimetric or volumetric heat
release fuel binder can be selected. One of the best performing solid fuels developed
to date consists of a blend of PB and polystyrene, providing high gravimetric heat release,
good mechanical properties, good regression characteristics, and high combustion efficiency
over a wide range of conlditions.

It is possible to increase both the gravimetric heat release and the volumetric heat
release of the solid fuels by use of metal additives. The boron family of metal additives
offer the highest potential increases in both gravimetric heat release and vclumetric
2eat release. Aluminum, boron and boron carbide are all attractive additives for solid

uels. ’

With the solid fuel ramjet castiny the metal fuel dir.~tly in the combustor case
eliminates the difficult problen associated with storing, pumping, and injecting liqnid
slurry fuels. Attaining high combustion efficiency with the boron fuels, however, presents
a challenging design problem,

SOLID FUEL REGRESSION RATE

The fuel flow rate in the solid fuel ramjet engine is a function of the surface
~rrea of the grain, the regression rate of the particular solid fuel formulation, and the
’light speed and altitude of the missile. Basically, heat from the combustion gases cause
the temperature of the fuel grain to increase to a point where the fuel is vaporized. The
hot, vaporized fuel then diffuses in the boundary layer until a combustible mixture of
oxygen from the air stream is established., A diffusion flame within the boundary layer is
established and steady state combustion is released.

The basi~ model of the regression rate for solid fuels is shown in figure 3. The
solid fuel grain is heated by convective and radiative heat transfer from the diffusion
flame. The vaporized fuel diffuses from the grain surface into the boundary layer. The
convective heat transfer component is dependent on the air mass fiux through the fuel
grain port, the air temperature, and air pressure. Thus at low altitude where the air
mass flux is high, a large convective heat transfer takes place, causing a high fuel re-
gression rate, Conversely, at high altitudes the air mass flux is low and the solid fuel
regression rate is lower. While the resulting fuel-to-air ratio is not perfect, this
self-throttling feature of the solid fuel permits good performance over a wide range of
‘altitudes and flight speeds.

The radiative heat transfer function is typically lower than the convective heat
transfer, but is significant. Radiation from carbon particles, water vapor, and carbon
monoxide from the combustion products are the primary contributors to the radiative heat
flux.

An approximate expression for the convective heat transfer function is shown in
figure 3 where:

Qconvective =

The strong dependence of convective heat flux to the fuel port masc flux (G) is the major
contributor to the self-throttling characteristic of the solid fuel ramjet.

X
¢, 1,7,

The resulting solid fuel regression rate is basically then a balance between the heat
transfer to the solid fuel grain and the heat required to vaporize the fuel:

rfueI"G’AQ’ hv' of
here: G = fuel port mass flux

AQ = heat of combustion
hv = fue.. heat of vaporization
pe - fuel density

A typical effect of flight altitude on the fuel flow in a solid fuel ramjet engine is
shown in figure 4. Here the resulting equivalence ratio (¢) that occurs as a function of
flight altitude at a constant speed climb is shown. The inlet air flow rate drops and
the air temperature increases as the missile climbs. The equivalence ratio varies from
a ¢ = 0.95 at 30K ft. to ¢ = 1,15 at 40K ft. While the fuel flow is still higher than
desired at high altitude, the "self-throttling" characteristic of the solid fuel ramjet
regpceddthe fuel flow rate to a sufficiently low value that a significant range was
achieved.

The relative effect of port size and axial position on fuel regression rate is seen
in figure 5. In this figure the relative fuel regression rate along the length of the
grain is plotted for a 2.5-in.-diameter motor. The experimental values were then com-
pared to theoretical regression rate, with and without considering air acceleration
effects;. The experimental data fell approximatelvy ecuallv between the theoreticallv
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2500 tests with engine sizes, ranging from 2.5 in. to 10-in.-diameter.
SOLID FUEL RAMJET FLAMEHOLDING/COMBUSTION EFFICIENCY

The solid fuel ramjet engine uses a rearward facing step to produce a recirculation
zone that forms the basic flame stabilization region., This flame stabilization region
is depicted in figure 6. A critical step height, h, is required for combustion to occur
in a solid fuel ramjet engine., The required value of the step height ics a function of
the inlet air miass flow and temperature, Each particular solid fuel formulation requires
a minimum step height for sustained combustion to occur. The importance of the minimum
step height limitation ultimately limits the maximum fuel grain loading and thus range
in a solid fuel ramjet engine. Thus it is highly desirable to minimize theé required
step height. .
‘ NN
Studies at CSD have shown that combustion in the SFRJ is j,overned by the degree of ;
mixing between the fuel and air, Within the combustion boundary layer along the grain,
the mixing rate is controlled by turbulent diffusion and there exists a natural degres of
separation between the fuel and air, Calculations of mixing within the fuel port based
on turbulent boundary layer theory showed that only about 50% of the fuel had mixed and
burned at the chamber exit plane. The calculations indicated the importance of additional
mixing aft of the grain and are in general agreement with combustion efficiencies
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observed in motors with low L/D mixers,

Analysis showed that the parameters controlling combustion efficiency are the mixer E:WW!!
L/D, equivalence ratio, and port-to-injector area ratio. Equivalence ratio is important e
because it determines the relative thickness of the fuel-rich layer which must bg mixed; DR
and port-to-injector area ratio controls the turbulence level introduced at the injector, '”;:yz
thereby influencing mixing throughout the combustor., Correlations of combustion efficiency RO
in terms of these three parameters has been successful, RORGAY

;.-.4

Early attempts to evaluate SFRJ combustion efficiency at low pressure indicated that
a reduction in efficiency could be expected at pressures below 25 psia, This conclusion
was based on seven tests at pressures from 7.5 to 16.4 psia. More recently, CSD has
co nducted a series of 13 tests at pressures ranging from 7,6 to 35 psia and found that
combustion efficiency does not degrade at pressures down to 12 psia., At pressures below
12 psia, some of the individual test points indicate a lower combustion efficiency,
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The combustion efficiency of the solid fuel ramjet engine has been correlated for A,
both circular and spoked type grains, ranging from 2.5-in.-diameter to 10-in.-diameter. privesoand
The correlating factor, designated burned factor (BF) correlates the comhustion efficiency }
as a function of the equivalence ratio (¢), L/D of the engine, and fuel port-to-air VPt
injector (A3/Aji) ratio, Good agreement between combustion efficiencies predicted by .\}%,3
the burner factor (BF) and a large number of combustion test firings and configurations PCOAN
has been found. ?\}Q{Q

: als
The highest Sl

The effect of combustor size on comtustion efficiency has been studied.
efficiencies are achieved with the smaller 2,5-in.-diameter combustors with decreasing
efficiency levels at the higher motor diameters. The combustion efficiency increases
from approximately 70% for a ¢ = 1 to a value of approximately 85% for a value of § = 0.5,
This trend is typical for all motor sizes and is probably due to mixing limitations since
perfect mixing becomes more important as ¢ arproaches a value of ...

Thus combustor designs and devices that promote mixing tend to improve combustion
efficiency in the solid fuel ramjet. in nonbypass combustors the use of special vaned
mixers at the aft end of the solid fuel grain are effective in increasing overall engine
performance. In the bypass combustor radial injection of the bypass air in the secondary
combustor promotes improved mixing and thus increases combustion efficiency,

SOLID FUEL RAMJET INLET-COMBUSTOR MATCHING

Matching the inlet and combustor in a solid fuel ramjet engine requires special
attention since not only inlet/combustor pressure matching must be analyzed but inlet
flow distortion effects could potentially result in nonuniform fuel regression. To study
these effects the inlet-combustor simulator shown in figure 7 was fabricated., The
objective was to establish a baseline engine performance base for a well-stirred
combustor. The design permitted installation of turbulence screens at the inlet-com-
bustor dump to also evaluate the potential effect of local turbulence on the SFRJ
combustor performance. Having established the haseiine SFRJ performance, test firings
were conducted with: (1) a single side-mounted inlet dumping into the plenum chamber,
(2) dual side-mounted inlets at 180° dumping into the plenum chamber, (3) the single
side-mounted inlet in combination with a special tube-in-hole injector in the dump plane
and (4) a screen at the inlet dump to increase the turbulence level. The effects of the
various inlet-combustor combinations on SFRJ operating limits are shown in figure 8.

The single inlet required a much larger forward dump area and lower combustor Mach number
that would limit maximum range and engine thrust, respectively. The dual inlet results
showed that only small maximum range and thrust penalties would result., Incorporation

of the tube-in-hole air injector reduced the effect of the single inlet on performance,
resulting in only a small range and thrust degradation. The effect of increasing
turbulence level on fuel regression characteristics was also very small, causing a

minor change in the flameholding limits.
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The results of these tests showed that with careful design of the inlet air dump to
the combustor, using devices such as the tube-in-hole injector that satisfactory inlet-
combustor matching was possible., ' Thus the inlet could be designed to best fit the missile
envelope and performance requirements,

The pressure loss characteristics of various inlet air injectors is in figure 9,
using the dual inlet configuration as a baseline, Total pressure ratio through the inlet-
combustor section is plotted as a function of the inlet dump Mach number, The tube-in-
hole injector shown schematically in the left hand figure has the smallest pressure loss
of all the types tested. Over the typical range of inlet dump Mach numbers between 0.2
and 0.3 the tube-in-hole injector provides inlet total pressure ratios in excess of
90%. Fortunately, the device that proved best for uniform fuel regression in the solid
fuel ramjet also provides the lowest pressure loss, superior even to a straight orifice.

It is generally desirable to design the ramjet engine so that the inlet is operating
with a small supercritical pressure margin to ensure stable inlet operation aad avoid
inlet air spillage drag losses, The liquid fuel ramjet engine can operate with a very
close supercritical margin control (3-5%) by varying the fuel flow rate around a closed
lonp inlet pressure controller, The SFRJ, however, has a fixed grain geometry and the
fuel flow rate isdetermined uniquely by the missile flight conditions, i.e., altitude,
speed, and angle of attack, Therefore, the SFRJ must use either a higher supercritical
inlet margin and/or select an inlet design that will operate stablv at inlet subcritical
flow conditions, Both of these choices result in scme range penalty., The repeatability
of both the SFRJ fuel regression rate and combustion efficiency determine the required
inlet matching condition, Based on current state-of-the art it is recommended to either
design the solid fuel ramjet engine with a 10% supercritical inlet margin or use an inlet
with a stable subcritical operating capability.

The bypass SFRJ combustor presents a special problem for matching the inlet to the
combustor. This occurs because either separate inlets or a diffuser bleed system is
used to introduce the inlet air both upstream and downstream of the SFRJ fuel grain. The
inlet pressure upstream of fuel grain is higher than the downstream pressure since the
dump loss and Rayleigh heat addition pressure loss uccurs in the primary combustor
section. Thus speciul attention must be given to match both the forward and aft inlets
to avoid coupling as well as to match the inlet air pressure with the SFRJ primary and

secondary combustor sections.

A typical solution to the forward and aft inlet design matching is as follows.
In this application the forward inlet used more inlet flow turning compared to the aft
inlet to achieve the desired pressure match. The forward inlet in this manner provided
a higher pressure recovery to compensate for the higher dump and Rayleigh losses that
occurred in the fuel grain sectionc, There was no flow coupling between the inlets in
any of the installed inlet wind tunnel or freejet tests of the solid fuel ramjet engine,

CONCLUSIONS

The functional simplicity of the solid fuel ramjet combined with high performance
makes this engine type quite attractive for many future tactical missions., Conversely,
the complexity of the analysis of the fuel regression behavior, combustion efficiency,
and inlet-combustion matching has caused vehicle designers concern over the ability
of the solid fuel ramjet to be able to operate satisfactorily at all the off design
conditions required of a tactical missile propulsion system.

A large engineering data base has been developed for the solid fuel ramjet over the
past 15 ycars that provides answers to all of the special design problems of the solid
fuel ramjet. This technology base includes cver 2500 ground test firings as w:11 as
several hundred successful flight tests, This broad technology base provides confirmed
solutions to the special design prublems of the solid fuel ramjet.
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Mixer

Nonbypass with vane mixing device
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Figure 1. SFRJ Combustor Configurations
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= regression rate

cony = convective heat transfer
ra¢ = radiative heat transier

G = fuel port mass flux

T, = air temperature

D = port diameter

a4 = constant of proportionality
P = combustor pressure

Ty = flame temperature

5§ = combustion zone thickness
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Figure 3. Regressinn Rate Model for SFRJ Fuel
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Figure 6. Flow Field in the Flame Stabilization Region

V06146-R1




e ~.«l ( oty - VAT IR A A At A i it e Ja it oui et SR AR A RARA R R R

( 6-8
v b
Igniter/injector assembly
I
v Flow settling chamber
‘ \ /—Fu el /—Mlxlng section
i = - _
Vitiator || = \
' : = Nozzle
'\ §§}\ \
) L \_ S \
\ Screen “—Turbulence screen
Stainless steel honeycomb
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' SUMMARY

3 The solid propellant ramrocket (SPR) is very suitable for military applications because of its high values
G vf performance and reliability, The capability of fuel flow modulation, however, is a precondition for
I various applications. The subject of burn rate modulation has been intensively investigated for SPR prop-

ellants and presently can be considered to be state of the art,

L The lecture introduces basic design principles of the SPR. The main components of the SPR propulsion system
t} as propellant, fuel flow control, control valve and ram-combustor are discussed in detail.

Firally the lecture reviews the present state of technology and dicusses possible future applications for
the SPR.
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F{- LIST OF SYMBOLS

‘ A Area
F c* Characteristic velocity

. aH, Heat of Combustion
AHf Heat of Formation

A R R R TN Bt 1

Burn rate
Gas constant

Temperature

Ratio of specific heats

[ K-ratio Efficiency

3 ¢ = o =

n Pressure exponent S, Constant pressure coefficient for temperature
sensitivity of burn rate ?

[ Pressure :
¢ Dansity « ;

SUBSCPIPTS
b Burning

c Combustion

t Throat

1. INTRODUCTION

The solfd propellant ramrocket (SPR), also knuwn as ducted rocket, is an airbreathing propulsion system
which belongs to the family of ramjets. The origins of the SPR date back to the 1950's. A consideruble
effort was made in the USA between the mid 1950's and the late 1960's to investigate this propulsion system.
Even flight demonstration programs were included in these activities. This was followed b’ a phase of lower

activities in the 1970's.

In the USSR, SPR development was probably carried out since the late 1950's leading to the propulsfon medule
of the SAM 6 "Gainful” antiaircraft missile which became operational in 1967, Technological and application
orieniated devolopment work in the field of solid propellant ramrockets has been carried out in France and

especially in Germany since the end of the 1960's.

Since several years SPR development activities are stimulated in the USA and Europe due to the growing inter-
est for the application of this propulsion system to tactical missiles of the next generation, Its high
volumetric impulse and thrust density make the SPR a preferable candidate to meet high velocity, range and
maneuverability requirements even at low altitude flight as well as volume limitations being frequently

imposed on missile design,

During recent development programs, flight demonstrations of SPR propulsions systems were carried out by

the French ONERA in 1976 (missile outer diameter 0.4 m/16 in) and tne German aerospace company Messerschmitt-
BoTkow-Blohm GmbH (MBB) in 1981 (missile outer diameter 0.24 m/9.5 in). By now, a high-energy SPR propuision
system is under development at MBB for application in a joint German-French anti-ship missile project. In

the USA, the DRED-program (Ducted Rocket Engine Development) has been conducted since several years, A
flight demonstration, originally scheduled for 1981 has been delayed. Nevertheiess, a follow-on pregram

has already been initfated in 182.
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2. CHARACTERISTICS OF THE SOLID PROPELLANT RAMROCKET

The basic design of a solid propellant ramrocket iy illustrated by fig. 2.1. For comparison, sketches of a
convertional 1iquid fuel ramjet (CRJ) and a solid fuel ramjet (SFRJ) are incluced in this figure. An oxygen
deficient solid propellant burns within the primary combustion chamber (gasgenerator). The fuel-rich
combustion products are exhausted into the secondary combustion chamber (remcombustor). There they mix and
afterburn with the ram-air supplied by the air intakes.

The precombustion of the fuel is the main characteristic of the SPR, The oxidizer incorporated in the
propellant of course reduces the specific impulse compared with a system using the corresponding pure
fuel. This somewhat hypothetical disadvantage is more than compensated by various advantageous character-
istics which are highly favorable to the application of a SPR.

Performance:

0 The SPR allows the 1ncorporation‘of great portions of high energy/high density ingredients such as
carbon, aluminum, magnesium, boron etc. in the propellant, the application of which is not practicable
in CRJ's and SFRJ's at the present state of technology. '

CFR with slurries: pumping and combustion performance problems
SFRJ with great portions of high energy ingredients: combustion performance problems

o The high temperature of the combustible products injected into the ram-combustor

- allows to achieve a high combustion efficiency for high energy fuel ingredients which are difficult
to burn, e.g. boron.

- reduces or eliminates flame-odf problems and may eliminate the need for an additional device to
ignite ram-combustion

- makes the SPR fairly insensitive to cold environment operation (where problems may be anticipated for
CRJ's using high-density hydrocarbon fuels)

o The SPR has a potential to allow higher maximum thrust levels than it {is possible using CRJ's or SFRJ's.
This 1s due to the higher temperatures achieved at stoichiometric combustion as it is fllustrated by
fig. 2.2, which compares curves of combustion temperature vs. equivalence ratio (air : fuel) for
different fuels and SPR propellants.

o The SPR has a fuel flow modulation capability by using a solid propeliant with a pressure sensitive
burn rate. This is very important to fulfil the requirements of a wide mission envelope (e.g. flight
at different altitudes, different flight velocities, maneuvering). Obviously achievable turndown ratios
(TDR) are lower than using a CRJ. Nevertheless, TDR's of SPR propellants up to 18 were demonstrated,
wh11e1¥alges between 5 and 10 should be considered state of the art for medium to hich energy gasgenerator
propellants. .

i

| ‘
o The SPR is very suitable for volume limited propulsion modules, due to it: capability to incorporate
ingredients of high density (i.e. high volumetric heating value) in the solid propellant.

o Especially the SPR with fixed fuel flow offers a very simple design without movable parts. The simplicity
of design is comparable to a solid rocket or a SFRJ.
The SPR with variable fuel flow customarily uses a pressure sensitive propellant and a valve for the
variation of the gasgenerator throat. The basic design complexity of this control vaive, being the only
movable part of the variable flow SPR, is more adequately comparable to a fin actuator being present in
every modern missile, than to the fuel-feeding devices of a CRJ. Nevertheless, this should mainly be
understood to be an argument for the favorable storage characteristics of a SPR system. High gasgenerator
temperatures and particle-laden gas flow may induce sophisticated design and the use of exotic ?thenmally
resistant) materials for the control valve.

0 Iae 2;5 has the capability to acconmodate an integrated booster in the ram-combustor in the same way 2s
e .

Logistics:

0 Storage and maintenance requirements and long duration storage characteristics of the SPR are corresponding
to the solid propellant rockets being presently operational.

o The SPR induces no additional “ire hazard for storage and handling by leaking fuel. This is especially
important for naval weapon systems,

0 SPR systems having a low optical signature (a requirement sometimes stated for air-to-air missiles) are
fea:ible. This requirement, however, puts some limits to the performance level that can be attained with
such systens.

3. ODESIGN PRINCIM.ES OF THE SPR

A1l major comporents of a SPR are indicated in the schematic view given by fig, 3.1.
Main design aspects for these components '

- propellant formulation
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are discussed in detail in the following paragraphs. The subjects of air intakes and structural design are
not specially treated in this lecture since both are corresponding to customary missile or ramjet design,
respectively, Where the design of a SPR component requires the application of special material, this item
will be included in the discussion of that component. The integrated booster and the boost sustain transi-
tion phase are treated very shortly, because the inherent problems are common to all ram-type propulsion

systems,

3.1 PROPELLANT FORMULATION [2,3,4,5)

A complex interrelationship exists between the propellant formulation and the performance and characteristics
of the SPR propulsion system. Fig. 3.2 illustrates the influence of the propellant formulation on parameters
which directly or indirectly affect the figures of merit usually required for a propulsion system.

Main performance related parameters directly depending on the propellant formulation will be discussed in
detail. These parameters are indicated in fig. 3.2 by bold frame lines. Additionally, indications will be
given where the selection of propellant ingredients has a major influence on cost, aging or handling charact ~
eristics and optical signatureof the propulsion system. Two further parameters are discussed which are not
performance related, but which are indispensable to consider in propellant design. These are

- processability which must allow a reproducible industrial product

.= mechanical properties which must be compatible with the selected grain configuration and anticipated
environmental 1oads.

3.1.1 Basic Aspects

Usually the main requirements established for a propulsion module to be designed for a certain missile
application are concerned with

range :

mission envelope {flight trajectories, maneuverability)

missiie handling

missile signature

design restrictions (length, weight)

system cost

The range requirement essentially means a required energy content of the propellant while the mission
envelope determines the required burn-rate level and turndown ratio for a chosen propellant having a fixed
heating value. Besides these two main {tems, various system related aspects have to be considered in prop~
ellant formulation selection to achieve an overall optimum SPR propulsion system [ 2 7.

A high SPR performance requires:

0o A volumetric heating value sufficient to meet possible volume restrictions for the propulsion module,

but always going along with a high gravimetric heating value.
The required total energy to be contained in the gasgenerator should ma1n1¥ be attained by means of a
high gravimetric heating value with secondary importance laid on density with respect to the propulsion

module weight. This is very important bgqause the propulsion-module weight influences

- the required total impulse and volume of the boost motor
- missile maneuverability and

may be a restricted figure for airborne missile applications.

o A high expulsion efficiency to make use of the nropellants energy content. This parameter refers to the
fact that usually a small portion of the combustible is not injected into the ram-combustor but is re-
tained in the gasgenerator, Expulsion efficiency depends on the burn-rate level, the primary combustion
temperature, the portion of condensed phases in the primary combustion products, the geometry of the gas-
generator outlet, and the volume of the empty gasgenerator at burnout.

o A high secondary (ram)-combustion efficiency to get a high degree of conversion of the propellants
energy content into heat release in the secondary combustion chamber. Secondary combustion problems are

frequently inherent 1in the use of high energy/high density propellant ingredients.

o An adequate turndown ratio, with an upper 1imit determined by the maximum thrust level required by the
mission envelope and with a desirable lower 1imit according to economic fuel consumption at the minimum
required thrust level., A low figure is desirable for the upper 1imit of the pressure bracket used to
achieve the fuel flow modulation. A high primary combustion pressure leads to the need of heavy gas-
generator structure and increases propulsion - module weight.

Good handling, aging and storage properties of a SPR require to exclude as far as possible propellant
Tngredients which are

= toxic materials »

~ explosive materials leading to a high degree of propellant hazard classification (e.g. greater portions
of high erergy oxidizers like HMX and RDX)

- materials undergoing a temperature dependent change of their properties (e.g. the phase change of
ammonium-nitrate)
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A low signature of a SPR propulsion module requires:

- A low metal ccntent of the propellent due to the visibility of condensed metallic oxide exhaust.

= A low content of otner fuel ingredients which are difficult to burn vnder ram-combustor operating con-
ditions (e.g. graphite or carbon black) and consequently may induce soot formation in the engine ex-

haust.
- A sufficient turndown ratio to avoid excess fuel flow at any operatinag condition,

- The exclusion of ammonium-perchlorate (AP) as oxidizer if minimum signature is a strict requirement.
(A visible contrail of the missile is formed as a result of the hygroscopic reaction of hydrogen
chloride with water vapor in the exhaust plume.) This argument to exclude AP is only valid for low to
medium altitude flight conditions since a visible contrail of water crystals is inevitable at high
altitudes greater than 9000 m/27000 ft even without AP,

The compatibility of a SPR system with possible design restrictions essentially requires:

- The favoring of propellant ingredients with high volumetric heafing value if range and low propulsion
module length are the predominant requirements.

- The favoring of propellant ingredients with high gravimetric heating value if the propulsion module
weight is restricted.

Desired moderate cost of the SPR system induce the following considerations for the propellant formulation:

- Some applicable high energy fuel components (mainly metal or metal compounds) are relatively expensive
and may boost propeilant cost if major portions are included in the formulation.
- Physical and chemical properties of the ingredients included in ihe propellant may require sophisticated

or time consuming and consequently expensive processing procedures for propellant mixing and grain
manutacturing. Here the use of ingredients with a very fine particle size orarrangements toavoid migration

effects may be quoted as examples.

= Characteristics of the propellant 1ike very high combustion temperature or very high particle loading
of the combustion products may indirectly contribute to an increase of system cost by inducing the need
for sophisticated design or exotic materials.,

The processability of a SPR propellant

- 1s mainly depending on the balance of 1iquid and solid components in the formulation and
- 1s strongly influenced by the particle size distribution of the solid propellant ingredients.

A1l processability problems inherent in the manufacturing of SPR gasgenerator propellant are similar to
those of conventional solid compositi propellants, Basically the processability features of gasgenerator
propellants tend to be inferior compared with conventional solid propellants.

The aspects stated concerning the processability arealso true for the mechanical properties of a SPR prop-
ellant. Usually, depending on the grain configuration, regquired figures for mechanical propertias of gas~
generator propellant are significantly lower than for conventional solid propellants. Since an endburning
grain and a cartridge loaded configuration are preferable for a SPR (cf. para. 3.2) only minor stress loads

may arise due to
- the propellants own weight

- pressurizing during ignition
- mismatch of the cartridge properties (thermal expansion etc.)

3.1.2 Ingredient Selection Trade

In the following, major aspects for the selection of the different type of propellant ingredients

oxidizer

binder

carbon and hydrocarbon fuels
metallic fuels

cataiysts

are reviewed .

Oxidizer

Selection criteria for a SPR propellant oxidizer may be summarized as follows:

o High gas output in order to achieve good expulsion effiiency of the solid organic/inorganic particles
from the gas generator

o Highgas output in order to minimize deposiis within valve and injector or1f1ces as well as to minimize
expansion losses in the thrust nozzle due to particle flow

High combustion temperature, high oxygen content, and high oxygen balance

High density in order to minimize the oxidizer volume content in the propellant, since heating values of
oxidizers are negligible unless they are monopropellants like cyclotetramethylene tetranitramine (HMX)
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chlorides (primary smoke), and hydrogen chloride (secondary smoke snhancement)
Compatibility with other propellant ingredients

Low hazard classification _
Minimizatfon of risk and cost of the oxidizer as an ingredient as well as overall propellent manu-
facturing cost

o Avatlability.

Due to general considerations to be discussed in para. 3.2, the selection of an endburning grain configur-
ation appears to be most favorable for a SPR. Conseouently, required burn rates {influencing oxidizer

selection) may be localized between 3 mm/s and 30 mvs (C.15 in/s to 1.2 in/s). Twelve oxidizer candidates
are listed along with their pertinent properties in the table of figure 3.3a. Figure 3.3b {llustrates the

selection trade for these oxidizers.

Nitronium perchlorate and nitrosyl perchlorate cannot be regarded to be feasible oxidizer candidates
because of their extremely severe hygroscopicity and their incompatibility with commen binders,

Sodium perchlorate and potassiumperchlorate are unfavorable because of their insufficient gas production
and condensed reaction products (low expulsion efficiency). The same argument applies to lithium nitrate,
sodium nitrate and potassium nitrate, since they form a high portion of condensed products. Ammonium
nitrate in turn yields only marginal burn rates, is hygroscopic, and undergoes a phase change at 305 K/
550 R, The latter does not apply to the expensive phase-stabilized ammonfum nitrate.

As far ascombustion characteristics are concerned, HMX and cyclotrimethylene trinftramine (RDX) are comp-
arable, However, HMX has a higher density. The advantage of HMX {is that it has a moderate heating value,
Yacks hydrogen chloride, and thus exhibits minimum smoke, The heating value improves the propellant energy
level by 80 KJ/dm® (1.24 Btu/in®) when 1 % ammonium perchlorate {AP) is replaced with 1 % HMX. Less advant-
ageous is the negative oxygen balance of HMX, which tends to inhibit satisfactory decomposition and
combustion of any kind of binder (marginal expulsion).

Further drawbacks of a SPR propellant containing HMX as theprincipal oxidizer can be summarized as follows:

o The burn rate is low. Compared to AP there is no known burn rate catalyst that can significantly increase
the marginal burn rate. Also, unlike AP, the particle size of HMX does not have a major infiuence on burn

rate.
0 Raw material costs are about four to =ix times higher than those for AP,

A desired low hazard classification may prohibit the use of RDX or HMX in greater amounts in the

formulation, ‘
Thus, of the 12 oxidizers considered, AP and 1ithium perchlorate (LP) appear to be favorable as principal
oxidizers with HMX as a potential co-oxidizer. Whereas LP has the higher density, AP has the advantage of
being the most frequently used oxidizer in composite propellants. Since LP has a more favorable oxygen
balance compared to AP, one may be tempted to conclude that less LP produces the same total propellant
energy. However, the amount of condensed 1ithium chloride formed by the decomposition of LP (according te
calculations with NASA's Chemical Equilibrium Code £ 6 7) 1s high even at temperatures up to 1860 K/3350 R.
The YTiquid lithium chloride may pose problems for the valve flow passages and injector orifices. In addition,
the hygroscopic character of LP poses problems in both propellant manufacturing and aging. Finally, LP is
about seven times more expensive than AP.
To conclude, AP may be recommended as the principal oxidizer for a SPR gasgenerator propellant. Ho -ever, the
addition of lesser amounts of HMX, chlorates, or nitrates as co-oxidizers in AP-oxidized formulatio.s should
be considered 1f necessary as a means of tailoring the burn rate and pressure exponent.

Binder

At the present state of technology, there are two binder systems currently used for castable composite
propellarts., These are polvurethenes and polybutadienes. The more mocern polybutadiens include

- Carboxy-terminated polybutadiene (CTPB)

= Hydroxy-termainated polybutadiene (HTPB)

- polybutadiene-acrylic acid (PuAA)

- polybutadiens-acrylic nitrile-polymer (PBAN)

While PBAA and PBAN certainly will remain in use for the next decade, future systems will mainly apply CTPB
or HTIPB. The preferred application of these two binders is based on the ii1lowing characteristics:

o Llow viscosity of the prepolymer in order to facilitate loading with a high cont nt of solid i
while maintaining processability and castability 9 g e ° particles

0 Good mechanical properties over a wide temporature -ange in oder to snsure the mechanical integrity of
the propellant

0 Low uxygen content
0 Secured availability.
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Carbon and Hydrocarbon Fuel

A selection of 1iquid and solid carbon and hydrocarbon fuel candidates is listed in the table of fig. 3.4.
Desired properties for the fuel components are:

0 High heat of combustion

o High density
o Combustion products that are gaseous (or at least in a state to facilitate expulsion),

The binder polymers (HTPB and CTPB) are exhibiting favorable figures in terms of grivimetric heating

value. Due to the low density, however, there is a relatively poor performance on a volumetric basis. Liquid
plasticizers 1ike IDP and Oppanol may replace part of the binder to reduce the viscosity of thc propel-
lant slurry during mixing, or to allow higher portions of solid ingredients to be incorporated. The use of
certain plasticizers (e.q. Oppanal) may be interestingalso from the energetic view, since their energy
content is superior to that of the binder. Liquid burn rate catalysts (1ike organic iron compounds) also
act as a plasticizer and exhibit high volumetric heating values.

Regarding the solid non-metallic fuel candidates, elementary carbon (as carbon black or graphite) has the
highest volumetric heating value while the hydrocarbons (Zecorez, CLPS, PAMS) are superior with respect

to the gravimetric heating value.

Two additional aspects should be considered for the selection of non-metallic solid fuel components.

0 the use of carbon bluck and especially of graphite may impose problems for ram-combustion efficiency and
congequently contribute to soot formation and visible signature of the exhaust ccntrail.

0 Lower expulsion efficlency can be anticipated for the application of elementary carbon fuels compared
with the use of s011d hydrocarbons,where portions of the decomposition products are gaseous.

Metallic fuels may be incorporated in a SPR gasgenerator propellant mainly for two reasons:

o to increase the volumetric heating value

0 to increase primary combustion temperature in order to achieve autoignition of the ram-combustion
and possibly to enhance combustion efficiency in the ram-combustor,

On the other hand, the following problems inherent in the use of metallic fuels have to be considered:

High primary combustion temperatures may pose problems to valve and injector design

Metallic fuels contribute to the particle loading of the gasgenerator combustion products which may be
detrimental to expulsion efficiency and enhance the risk of deposits being formed in valve passages or
injectors.

o High ram-combustion efficiencies a» not easily attained using some highly cnergetic metal-compounds
1ike boron.

o Metallic oxide exhaust contributes Lo the optical signature of the engine contrail.

o Sorie metallic fuel components (e.g. boron) are very expensive compared with other, more customary fue!l
ingredients,

Gravimetric and volumetric heating values of some interesting metallic fuels are presented in a bar-chart
by figure 3.5. The corresponding values of carbon and Kercsene are included foricomparison. The table of
figure 3.6 gives data about density and heating value of various metallic fuel components.

}
Boron has most favorable energetic features but is difficult to burn under ram-l;ombustor conditions. This
{s due to the high temperatures required to evaporate boron-oxide which otherwise forms a layer around
the boron particles and terminates combustion. Boron combustion has been intensively investigated and high
combustion efficiencies can be attained at present state of technology. ‘

Comparatively 1ittle experience exists ccncerning the application of boron carbide which is not included

in fig. 3.5. Boron carbide has a gravimetric heatin? value ¢of 52 MJ/kg (22350 Btu/in®) and a density of

2,5 g/cm® (0.09 1b/in*)leading to a volumetric heating value 1nsignif?cantly lower than boron. Combustibility
behavior can be considered s‘milar or worse than for elementary boron. Aluminum provides a reasonably high
volumetric and gravimetric heating value and yields less combustion problems. However, the use of this metal
is limited to small quantities because of its strong tendency to form deposits.

Magnesium provides no significant improvement over carbon or hydrocarbon fuels from the energetic point of
view. On the other hand, magnesium is easily burned with high efficiency and yields an increase in primary
combustion temperature. Other metals not included in figure 3.5, like zirconium or titanium. are sometimes
discussed as fuel ingredients. These are exhibiting a very high density and a volumetric heating value
comparable to aluminum, but consequently a low gravimetric heating value which {s not favorable for overal)

performance as outlined before, _
The use of metal compounds (e.g. borides) or metal alloys have been also proposed to increase the heat

content of SPR gas generator propellants. Since there is very 1ittle experience with the application of
these ingredients a valuation can be hardly given.
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of the propellant).

There exists a vast number of catalysts used in conventional composite propellants which are also applicable
for gas generator propellants. Only one type of catalysts being frequently used in gas gnerator propellants
(with AF as oxidizer) shall be presented here. These catalysts effect an increase in burn rate by fine iron
oxide particles which either are incorpcrated in the propellant as an ingredient or are formed during comb-

ustion of an iron containing catalyst.

Iron containing - .alysts are

- ferrocene (sol. :, rarely used)
- n-butylferrocene
- catocene

The use of Tiquid burn rate catalysts is desirable with respect to the processability of the propellant. The
1iquid catalysts are exhibiting a considerable heat content as mentioned before at the discussion of hydro-
carbon fuels. Iron-oxide (Fe,0,) itself is aiso frequently used as burn rate catalyst., Its catalyzing prop-
erties are relatively weak and depending on the applied particle size. Iron oxide, of course, has a zero

heating value. .

Iron-oxide is a cheap commercial product which is commonly used as a pigment. The aforementioned liquid
catalysts are produced in small quantities and consequently are very expensive.’

}(Hquid; strong catalyst; frequently used)

3.1.3 Examples for Formulation Screening
To complete the consideration of propellant formulation some examples for formulation screening are added
below,

Figure 3.7 compares density and gravimetric and volumetric heating values of five hypothetical formulations
with different amounts and types of fuel components. These formulations are

1. 25¢ AP+ 75% HTPB ,
2. 25 AP 4+ 25% HTPB + 50% PAMS

3, 25X AP + 25% HTPB + 50% carbon black
4,250 AP + 255 HTPB + 50% Mg ‘
5,25 AP + 253 HTPB + 403 B + 10% A

The portion of binder in these formulations should be understood to include approximately 5% of curing and
burn rate additives in a real propellant. :

The bar chart of fig. 3.7 'mustratés the stepwise increase of energy content when hydrocarbon, carbon,
and metallic fuels are introduced into the propellant formulation.

To compose an appropriate propellant formulation for any given application, firstly a decision must pe made
to use a metallized or non-metallized propellant. This decision has to be based on the requirements for
energy content, gas generator temperature and possibly optical signature. Additionally, a proper batance has
to be found between fuel components with lowor high energy content and good or marginal combustibility

properties to get an overall good performance.

Figure 3.8 presents an example for the screening of a non-metallized propellant formulation. The
volumetric heating value is plotted versus the AP content for the following variable formulation:

AP : variable (10 to 40%)
binder : 25 %

carbon black : 0 to 40 %

PAMS : 7% - SAP - % CB

Lines of constant primary combustion temperature {according to chemical equilibrium éalculations) are also
indicated in fig. 3.8. The predominant influence of the oxidizer content on the heating value is quite evident.
However, burn rate requirements impose a lower 1imit for the oxidizer content, rarely allowing oxidizer

portions lying significantly below 25 percent.

Furthermore, fig. 3.8 shows that the increasing of carbon black by forty percent and reducing PAMS by the
same amount results in an increase of the volumetric heating value by about six percent. Only an increase
of the density is effected by this variation of the formulation while the gravimetric heating value even
decreases when PAMS is replaced by carbon black. Gasgenerator temperatures for a fixed AP content are de-
creasing when the portion of carbon black is increased. Besides the theoretical consideration of energy
content it must be reminded that good afterburning efficiency is presumably much easier to achieve using

a hydrocsrbon than a carbon fuel. Consequently, only lower portions of carhon fuel can be recommended if
volumetric restrictions are given for the propulsion module and severe requirements for the optical signature

do not allow the application of metallic fuels.

Gas generator temperatures which are calculated for the propellants of fig. 3.8 will be probably insufficient
to achieve autoignition of ram-combustion. ‘
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thermo chemistry are again indicated in the figure. The propeliants considered in fig. 3.9 are based on the
following formulation:

AP : varfable 10 to 32 %

binder : 5% '

metal : 7.5t015 %

PAMS : 7% - % AP - % metal

The portion of metal included in the figure has the following composition:
boron : 80 %

aluminum : 20 %

Three major aspects can be concluded from the comparison of figures 3.8 and 3.9:

0 Replacing part of the solid hydrocarbon fuel by metals leads to a moderate increase of the gravimetric
heating value {while carbon fuels reduce the gravimetric heating value)

o0 The incorporation of the mentioned metaliic fuel effects a significant {ncrease of the volumetric heat-
ing value (which only could be achieved by much higher quantities of carbon fuels)

0 Primary combustion temperatures are much higher than for the propellants of figure 3.8 and by far
sufficient to attain autoignitiorn of ram-combustion. It has to be added that measured gasgenerator
temperatures are below the calculated equilibrium temperatures indicating a reaction rate of the
metallic ingredients below equilibrium. However, this does not affect the aforementioned statement

concerning autoignition.

Afterburning of metallic fuels 1s not easily done but poses no greater problems than for the comparea carbon
fuels. This 1s especially true since much more experience exists for the application of metailized than

for carbon loaded propellants.

To sumarize, the application of maetal fuel can be recommended to increase the energy cnntent of the prop-
ellant if optical signature is no severe requirement or is inevitable anyway due to the characteristics of
other propellant ingredients as for example AP, State of the art propellant formulations and overall
performances will be discussed laver on in para, 4,

3.2 GRAIN DESIGN [ 3, 57

The gas generator propellant grain configuration must be selected early in SPR design since it drives such

key propellant characteristics as burn rate as well as other system aspects such as valve sizing. Experience

gained in fixed and variable flow SPR programs leads to the conclusion that an endburner grai., configuration

1s optimum for the following reasons:

o Any interna) burning configuration (star, rod and tube et. al.) requires very low regression rates which
usually can be achieved only by pyrolysis rather than by flame front combustion.Pyrolysis in turn imples the
danger of unacceptably high residues in the gas gencrator as well as a gas temperature that is too low
for autoignition in the ram combustor.

o Depending on the internal-burning configuration, there is a more or less pronounced variation in burning
surface which has a direct impact on the variable flow valve size as well as on the maximum/minimum gas

generator pressure range.

0 The volumetric propellant loading of an internal-burning grain is inferior to that of an endburmer.

A cartridge configuration is the appropriate design for an end-burning grain especially for long burning
times, Severe problems are inherent in a case-bonded configuration of a long end-buming grain concerning

the considerable axial elongation of the grain between commonly required low and high operational temperature
limits. Using a cartridge design, a radial vap between grain liner and gas generator insulation may occur
atlow temperature which has to be sealed or filled by elastic materia) since a variable empty volume of the
gas generator will pose ignition problems,

Different from customary solid rockets, aerodynamic heating occirring during lTong flight duration at high

Mach numbers may warm up the propellant and at least may provoke conical burning. Therefore, not only heat
flux to the gas generator wail downstream nf the burning surface but also heat flux from the structure into
the propellant has to be considered fur insuizifon cdesign of a SPR gas generator. Aspects of lirer formulation
concerning adhesion or migration problems .re similar for SPR and conventional composite propellants.

3.3 FUEL FLUW MODULATION

Fuel flow modulation for a SPR is usually achieved by using a propellant with a pressure sensitive burn rate
and a valve to vary the gas generator throat. This concept and the inherent problems are discussed in detail.
Some remarks are added concerning alternative, more exotic concepts for fuel flow modulation.

3.3.1 Fuel Flow Modulation Using Pressure Sensitive Propellants

The characteristics of fuel flow control using a pressure sensitive propellant are discussed below. Additfon-
ally, basic aspects of vaive design are reviewed.
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for SPR gas generator propellants is corresponding to conventional composite propellants and may be described
by the following formulu
ro=a.p (3.1)

Where a and n are empirical parameters which are not necessarily independent from pressure over a utilized
wide pressure bracket. Consequently muss production may be written as

. n

Morop = Serop © Ay v 2 v P (3.2)
The mass flow ejected through the gas generatorpthmat. a critical pressure ratio being provided, is given by

. Ay * ¢

Teje * -Lc—- (3.3
with ' ‘ '

¢t = r'l R \ (3.4)
and _ 2_‘;_:_;

Ty (FP T G

according to fundamental fluid dynamics.

Equilibrium exists when the produced mass flow equals the ejected mass f'low. Consequently, the equilibrium
pressure is given by

1 .
Pe *® “Sorop ° ¢ KT . (3.6)

(a

. Ab
where K {s defined as the area ratio '
t

Pressure and burn rate variations are depending on a varfation of the K ratio as follows:

d .
_;c_ - Tl_n %’5 , (3.7)
[
and
' d, nodK
+ * =% (3.8)

Fig. 3.10 11lustrates the influence of n on the ratio of burn rate variation and K variation. It is quite
evident from fig. 3.10 that the applicaticn of propellants exhibiting very high pressure exponents above
.75 may be very hazardeous from the stability point of view.

Fuel flow control using pressure sensitive solid propellants is especially complicated by the inverse response
of the fuel flow to the actuation of the control valve, This characteristic is illustrated by figure 3.11
showing traces of the valve throat area, pressure and fuel flow for a control action to increase or decrease
fuel flow, respectively. To increase fuel flow means to reduce the valve throat area and consequently to
increase pressure to the values which stationarily correspond to the desired fuel flow. When the valve closes,
first the ejected mass flow decreases corresponding to thereduced throat area. Now the pressure rises since
the produced mass flow is greater than the ejected mass flow. Mass production and ejected mass flow increase
corresponding to the pressure rise until the new equilibrium s reached. The inverse occurs when the valve

opens to decrease fuel fiow.

The magnitude of the fuel flow overor undershoot depends on
- the turndown ratio of the control action
- logic cf the control loup and velocity of valve displacement

The time span reauired to change from one fuel flow rate to another depends on

- gas generator empty volume
= the turndown ratio of the control action

- logic of the control loop
=~ pressure exponent within the pressure bracket used for the control action

The achievahle turndown ratio depends on varicus factors which are related to the propellant characteristics

as well as to system aspects. One main 1imiting parameter for the TDR 1; the pressure bracket allowed for the
burn rate modulation. The upper pressure 1imit is imposed by the design of the gas generator structure. The
lower pressure limit depends on the pressure level in the ram-combustor and on system requirements to

include or not a second sonic nozzle downstream of the control valve to evaluate the fuel flow. Evidently,

the other main parameter affecting TOR is the pressure exponent of the propellant within the allowed pressure
bracket. Since the burn rate of solid propellants is more or less temperature sensitive, the maximum achiev-
able TDR is also limited by the upper and lower operational temperature required for the propulsion system.
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Figure 3.13 summarizes the parameters limiting the maximum achievable TDR. Lines of constant TOR are indicated
as a function of pressure exponent n and temperature sensitivity < [ %/ ~ K /. The left figure is related
to a configuration where the control valve fcrms the only sonic thrBat whereas a second sonic nozzle is added
in the right figure which increases the lower pressure 1imit. The calculations for figure 3.13 are based on

a 103 bars/1500 psia pressure bracket and a 128 K/230°F temperature bracket.

Essentially two types of control logic may be applied to solid propellant burn rate control. {"_
0 A sonic nozzle is installed downstream ¢f the control valve. Pressure and possihly temperature are measured ~:}3
upstream of this nozzle allowing to evaluate the actual fuel flow if gas properties are known with suff- H;:J
icient accuracy. The control valve is adjusted to a position where the desired fuel flow is stationarily N
evaluated at the second sonic throat. The applied control algorithomust take into consideration the mass -0

flow overshoot during the control action, the pressure sensitivity of the propellant (for stability reasons)
and a possible dependancy of the c* figure on pressure (which is mainly according to a variation of gas
temperature) especially if no temperature measurement is provided.

This control logic which appears to be simple and evident at the first look has several disadvantages.

- The installation of a second sonic nozzle downstream of the control valve and possibly still upstream
of the injector (a simple sonic throat configuration for the fuel injector may not be compatible with
combustion efficiency requirements) is space-consuming and may not be compatible with design restrict-
fons given for a modern SPR system.

- Pressure measurcment shortly downstream of the irregularly shaped valve cross section, a tube turn etc.
may be of poor accuracy. g

- The dicussed control logic is restricted to propellants which predominantly produce gaseous combustion

products with & minimum of condensed species, since two phase flow effects and deposits possibly formed '2':
in the second tnroat are highly detrimental to control accuracy. ﬁ.fa
18T
0 Ancther control logic which may also beapplied to solid propellants forming combustion products with high S
loading of condensed phases only relates to the predetermined ballistic data (including c* variability) [y
of the prupellant and the calibrated throat area variation of the valve. The control algorithmadjusts L ¥
the valve to a position where the K ratio corresponds to the desired burn rate. A comparison of the actual ok
and the expected pressure allows to correct disturbances caused by grain temperature, coning effects or e
clogging of the valve. The essential control variable for this kind of control logic is the required -
thrust level or flight velocity. The fuel flow not being explicitly known is adjusted until the desired oy
performance of the propulsion system is achieved, -
This control logic requires amore complex and skilful control algorithm but is capable to handle highly s
particle-laden flows with moderate depositing characteristics. {vein

Any control logic must take into consideration that the overshoot of the fuel flow during control action may
induce operational conditions for the ram engine which may be off-limits for air intake operation. A sudden
increase in fuel flow and heat release in the ram-combustor will cause a pressure ri-e which may blow off
the final shock forcing the air intake into subcritical operation, If the air intake exhibits no stable
subcritical operation the air intake will go into inverse flow leading to the destruction of the missile.

On the other hand, a long lasting undershoot of the fuel flow (occurring for high modulation ratios, big

gas generator empty volume, low n) may lead to thrust deficiency and deceleration of the missile and con-
sequently also may pose problems concerning air intake operation.

3.3.1.2 Control Valve Design / 3, 9, 10, 12}

The subject of control valve design, due to its complexity cannot be treated completely in this context. Major
aspects of valve design and some basic valve design principles will be discussed below.

A1l customary valve design principlesare applicable to a gas generator control valve as long as primary com-
bustion temperature is low (e.g. below 1000 K/1800 R) and the portion of condensed species in the primary
combustion products is Tow, too. Problems arise for high temperatures and highly particle-laden flows. Problems
may also arise from high pressure ratios across the valve if the configuration is not adequate.

The following aspects have to be considered for gas generator valve design:

(1) space requirement for valve and actuator
(2) compatibility with other components, e.g. injectors
(3) sealing problems
(4) actuation loads (determining type and size of the actuator)
(5) mechanical and thermal stress arising for the components
(6) heat flux into the contro) valwe and to the actuator
(7) clogging risk
(8) overall functional safety
(9) cost :
The significance of several aforementioned items depends,of course,on the required endurance time. The consider- ™™
ation of the items (1) to (5) and (8) leads to the conclusion that a rotating motion of the control valve is T
preferable to a translatory motion. In most cases a rotating valve and its actuator may be accommodated in a RN
smaller volume than a translatory valve, Sealing problems of the rotating valve are inferior to that of D
translatory valves. Rotary sealing surfaces usually stay clean of deposits while any translatory valve com- O
ponent may draw deposits up into the bore on which it seals. Rotary seals may be composed more easily of A
heat resistant materials like graphite foils or wool. Translatory seals on the other hand usually apply N
elastomeric materials which must be thermally protected. Actuation loads tend to be greater for translatory
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actuator a=e low. Problems may arise froa dividing the fuel flow to be fed into the ram-combustor by several
injectors. Where narrow bending of the flow is prohibited due to the clogging risk, a valve configuration
with several throats actuated by one unit may be theonly adequate solution. This, however, is not feasible

with every valve type.

Referring to the items (5) and (6), probably less problems arise if the valve is installed in an environment
with Tow flow velocity. If the valve is installed in a region of higher flow velocity, e.g. in a gas pipe,
thermal stress will be great and possibly non-unifurm around the control element. Consequently, heat flux
into tha valve and the actuating unit will be greater for a high flow velocity than a Tow flow velccity

environment.
A clogging risk (item (7)) only exists for particle-laden flows. Deposits are predominantly formed at

-~ stagnation points

- dezdwater regions .
which cannot be completely avoided by valve design. If depositing is expected, any valve configuration ex-
hibiting a small vaive 1ift or narrow slots for the valve throat should be discarded. Further on, it must
be considered that additional valve actuation loads may arise from stripping off deposited material.

The overall functional safety (item (8)) summarizes the remaining risks of the items (3) to (7). Cost of
the valve may be boosted by the need for sophisticated design and complex manufacturing procadures, by
using exotic temseratureresistant material,and by type and size of the actuation unit.

Figure 3.14 presonts six basic valve configurations which will be shortly discussed below, referring to the
aforementioncd design aspects. A temperature bracket of 1000 X to 1700 K (1800 R to 3100 R) an upper
pressure 1i.it of 100 bars (1500 psia) and particle loadings from 0 to 50 percent are implicitly assumed
as possible operational conditiuns for the gas generator control valve. The qualitative astimation of Jhe
characteristics and the applicability of the presented valve design variants are bused on available s.ite

of the art experience. :

(1) Rotary Blade / Butterfly Valve

Space requirement 1{s small for valve and actuator

Feasible but infavorable, if more than one throat is desired

Rotary sealing poses no major problems

Low actuation loads due to ideal force balance

Moderate mechanical Toad but high thermal load due to high flow velccity around the valve

element

High heat flux to the actuator, thermal insulation of the actuator may be proilematic

Unfavorable for use with highly particle-laden flow due to the depositing risk

- Excellem functional safety for gas flow with moderate temperaturc and Tow particle loading;
hardly applicable to highly particle-laden flow.

- Moderate cost, if applied to an adequate fuel flow environment .

Expensive material may be required for the blade if the valve is used ir high temperature flow.

[ |

(2) Translatory Plunger

-~ Little space is needed for the valve but onsiderable volume may be required for the actuaior

~ Feasible but unfavorable if more than one throat is desired '
Translatory seal may pose severe problems when the valve is applied to high temperature particle-
laden fuel flnw : :

~  High actuation loads
~ High mechanical loads due to a non-uniform force distribution around the control element; high

theraal 1oad due to high gas flow velocity around the control element

-~ High heat flux into valve and actuator; thermal iasulation of the actuator may be problematic

~ HKigh depositing risk when used in particis-laden flow

~ Medium functional safety for the application to gas flow with moderate temperature and low
particle loading, due to the mechanical and thermal loads at the control element as weil as to
the high actuation loads. Low functional safety for the application to high temperature or
highly particlie-laden flow

~ Costly because of the power requirement of the actuator and the need for sophisticated design
and the use of expensive materials for the control element if the valve is used in high

temperature flow,

(3) Needle Valve - Opposite to Flow Direction

-  Highly space-consuming for the uni-axial configuration of valve and actuator. Alternative config-
urations with laterz] actuation are feasible but exhibit a complex design. High space require-
ment of the actuator. :

Feasible but unfavcrable if more than one throat is desired

Extremesealing rroblems since the rod housing inevitably forms a stagnation point for the flow
High actuation loads

Moderate mechanical load but nigh thermal load due to high flow velocity around the valve

High heat flux into valve and actuator; thermal insulation of the actuator is highly problematic
High risk thet deposits are formed at the rod and the orifice whea used in particle~laden flow
Medium functional safety for the application to gas flow with mocerate temperature and low-to-
zero particle loading. KHardly applicable to high temperature, highly particle-laden flow

Costly, because of the power requirement of the actuator and the complex design of rod guide

and sealing. Expensive material is required for the rod, if the valve is used in high temperature

flom.




(4)  Needle Valve - Parallel to Flow Direction e

= Reasonable configuration only, when accommodated in the gas generator. .
Medium to high space requirement for the valve installation; high volume requirement for the \

actua’or; lateral actuation is mandatory and feasible but includes complex design using lever .

biars. Even a rotary actuation is feasible. »

Configuration with several throats are feasible

Sealing is difficult but feasible

High actuation loads , .

Moderate mechanical load but partially high thermal load due to high flow velocity around the

control element

Putentially high heat flux into valve installation and the actuator

Thermal insulation of the actuator may be more easily accomplished than for configuration (3)

Deposits may be formed at the orifice and less likely at the rod. Deposits are not necessarily

© detrimental to valve function if the throat gap is wide and sufficient valve 1ift is provided.

- ?edium fo high functional safety even for the application to high temperature, highly particle-

aden flow.

- fostly, because of the high power requirement of the actuatur and the complex design of the act-
uating 1:ver system, The use of expensive material may be wandatory for the control element and.
_the actuating lever system.

Tt

l-_

(5) Gate Yalve

The gate valve in some kind is a variant of the translatory plunger accomodated 1in the gas generator. The
translatory gate covers part of the gas generator outlet forming a variable throat. The translatory motion
has usually to be transformed into a rotary motion to accomplish a feasible znd compact actuation. Alter-
nativeiy, the translation of the gate may be accomplished more favorably by rotating an eccentrically
shaped disk.

Medium space requirement for valve installation and actuator

Configurations with several throats are feasible

Sealing is feasible for rotary actuation

Comparatively low actuation loads

Moderate mechanical and thermal load. Partially low flow velocity around the control element
Medium heat flux into valve and actuator. Thermal insulation of the actuator is feasible.
Deposits may be formed at the deadwater region of the downstream side of the gate. Stripping
off deposits when the valve moves may increase actuating loads.

Tedium %o high functional safety even for the application to high temperature, highly particle-
aden flow.

- Moderate cost referring to actuator and design complexity. The use of expensive thermally

resistant materia) may be mandatory for the gate element

(6) Disk Valve

The basic arrangement of the disk valve is similar to the needle valve parallel to flow direction (4). The
valve is accommodated in the gas generator and laterally activated by means of a lever system.

= Medium to high space requirement for the valve installation; high space reauirement for the
actuator
Configurations with several throats are feasible

Sealing 1s difficult but feasible

High actuation loads i

High mechanical load; partially high thermal load due to high flow velocity at the downstream

side of the control disk.

Medium heat flux into valve and actuator; thermal insulation of the actuator is feasible

- Comparatively small valve 1ift (depending on the diameter of the gas generator outlet) leads
to a narrow throat gap of the valve. High clogging risk at narrow gaps excludesthe disk valve
from the application to gas flow with considerable particle loading.

= Medium to high functional safety for the application to gas flow with low-to-zero particle
loadine (where another valve design like (1§ may be the better choice). Hardly applicable to
highly particle-laden flow.

= Contly, because of the high power requirement of the actuator, the complex design of the actuating
lever system. The use of expensive material may be mandatory for the disk element.

The selection of an appropriate actuator for the control valve depends strongly an the actuation load of the
valve. An electrical actuation is frequentlydesirable due to aspects of the missile system. However, electrical
actuation is restricted to moderate actuation loads because of

limited power supply of the missile system
- volume requirement of high power electromotors
- thermal problems.

High actuation loads may be handled using pneumatical or hydraulical actuators. If a pressurizing system does
not exist in the missileanair turbine fed by tap air from the intakes may be applied. However, a pneumatical
or hydraulical actuation is space-consuming due to th: required auxiliary valves and power supply.

Severa) types of thermally resistant materials may be applied to valve components:

high melting metals 1ike molybdenum or tungsten
- ceramic material
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The applicaticn of high meltingmetals is a customary and safe approach but it includes a considerable weight
penalty. Ceramic materials are exhibiting a lower density and are highly temperature resistent. However,
some ceramics are sensitive to the thermal shock occurring at the ignition of the propellant. The manufact-
uring of ceramic components of complex shape is very expensive. Components made of graphite or CFC exhibit
medium to low densities und high thermal resistance. If such components will be exposed to particle-laden
flow, usually an impregnation or coating of ceramic material at the surface is needed tc avoid erosion.

Surface coating may also be considered to protect thermally stressed valve componants. Spinels and zirconium~
oxide can be quoted as examples of coating materials.

3.3.2 Alternative Concepts for Fuel Flow Medulation

Some alternative, somewhat exotic concents for fuel flow modulation shall be presented below.

Retractable Silver Wires

This concept is 1Tlustrated by figure 3.15. It {s based on a burn rate increase around a silver wire embedded
in the propellant which is due to increasedconductive heat flux into the propellant effocted by the wire.

A local increase in burn ratc 1eads to a conical shape of tha combusticn surface. When several silver wires
are axially embedded at regular intervals in an endburning propellant (as shown by fig. 3.15), a cone will
be forned around each silver wire leading toanincreasedburning surface and an increased fuel flow, When

the siver wires are retracted behind the burning surface by a skilful mechanism and a Yocally increased heat
flux into the propellant does no more exist, the burning surface equalizes after some time due to the uniform
burn rate. Consequently, this concept for fuel flow modulation means a controlled variation of the burning *
surface instead of a variation of the burn rate. The Togic of the control loop may be based on the evaluation
of the ejected mass flow through 2 constant sonic throat (measurement of gas generator pressure and temp-

erature).

Varicus disadvantages and hardly‘estimable risks ~re inherent in this concept:

- The achievable burn rate increase by means of silver wires is Timited to a ratio of 3 vo 4, con-
sequently (according to geometrical considerations), the ratin f surface increase being effected
by the coning is limited to about 4. The resulting narrow cones {cone angle = 30 degrees) wil! puse
problems concerning burning characteristics. :

- The response time of the system may be pcor depending cn the time needed for the formation of the
cones and the equalization of the burning surface, respectively. The response time will improve, if
the number of silver wires and cones is increased.

- The response time problem of pressurizing or depressurizing the empty gas generator volume when gas
production changes and has to be fed through a constant throat, is also inherent for this control
concept. However, no fuel flow overshoot will occur during a control action.

- The axial bores in which the wires are drawn , probably reed to be insulated to avoid conical burning
induced by entering combustion gases when the silver wire is withdrawn.

- Since pressure is a fairly insensitive input parameter for the control loop w0 adjust wire drawing to
the actual burn rate, control accuracy and control stability are questionable.

- The overall functional safety of a wire drawing mechanism fs questionable either. The space needed
for the accommodation of this mechanism may be considerably greater than for a control valve.

- The manufacturing of the prope&Iant and the embedded wire system will be highly complex and expensive.

The concept of retractable silver wires for fuel flow modulation exhibits no favorable features., Its realiza-
tiun seems tc be hardly feasible.

Longitudinal Tubes

An 18crease of the burning surface by ¢toning is also effected by a concept progosed by Thiockol. The THERMA-
TROL™ (Thiokol Heat Exchange Rocket Motor Augmented Rate Control) concept employs smali dismeter metal tubes
embedded Tongitudinally in an endburning grain, The forward tube ends (at the bottom of the grain) are
connected to a flow rate control system, Hence for this concept the heat flux into the propeilant (to effect

1

coning) is delivered by the combustion zas flowing through the longitudinal pipes.

Most statements brought up concerniny the silver wire system do also apply to this concept. Feasibility of
the THERMATROL concept may be somewhat superior to the silver wire concept.

Another concept (cf. fig. 3.16) proposes to compose two different propeliants to a so~cailed matrix grain,
According to this concept, preproduced granules of one propellant would be added to the mix of the other
propellant. By this way, a high energy propellant which is not pressure sensitive could be embedded in a
highly pressure sensitive propellant exhibiting a 1ow energy content. Fuel flow modulation would be effected
by burn rate variation of the pressure sensitive propellant according to para. 3.1.3. The granules of the
high energy propellant would be ejected from the burning surface by the combustion gases of the pressure
sensitive propellant, somewhat similar to erosive burning. :

Basically, this alternative concept for fuel flow modulation may be feasible. Nevertheless, two objections
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will not reach very high values,

= A possibly low degree of decompositon of the ejected high energy propei1ant granules may be highly
unfavorable for afterburning efficiency.

Propellant processing will be highly complex and expensive, Poor mechanical and aging properties of
the ma‘rix prnpellant can be anticipated. :

This concept (cf. fig. 3.17) acts somewhat similar to the application of silver wires, Here, a central rod
made of a pressure sensitive low energy propellant is cmbedded in a tubular high energy propellant which

is not pressure sensitive (a configuration similar to a candle). The core propellant {is embedded in the
tubular propellant without insulation. The gas generator pressure is controlled by a valve. The core prop-
ellant needs to exhibit the same burn rate as the tubular propellant at the lowest required burn rate level.
When the valve closes and pressure rises, the burn rate of the core propellant increases and effects a

more or less significant coning depending on the burn rate ratio Trod * Ttube" Fuel flow modulation again

is done by a variation of the burning surface,

Of course, several axial propellant rods embedded at regular intervals may be used instead of one core
propellant. Reviewing this concept, the following critical remarks shall be added:

- The loss of energy content of the overall propellant is lower than for the matrix propellant but is
not negligible, especially if more than one low energy rod is used.

- The achievable TOR is limited since the area ratio of a plane and conically shaped burning surface equals

to sin (a/2) where a is the cone angle. Consequently, an area ratio of 5 corresponds to a cone angle of
23 degrees.Obviously, the accurate handling of such narrow cone angles can hardly be estimated to be
feasible (erosion, mechanical properties of the propellant),

- The control logic corresponds to the one applied for pressure sensitive propellants (cf. para. 3.3.1)
while the control accuracy may be inferior,

- The system response to a control action and inherent problems correspond to the silver wire systen,

-~ Complex and costly manufacturing procedurés can be anticipatcd for the propellant, mechanical and aging
properties are questionable,

No advantages can be stated for this concept concerning simplicity, control accuracy or volume requirement
(since a ccntrol valve is mandatory). The feasibility may be estimated to be superior to the silver wire
system. The concept of coaxial propellant may be applied when pressure sensitivity of the high energy prop-
ellent cannnt be effected by variation of the propellant formulation and the requirements stated for TDR,
control response and control accuracy are moderzte. .

................

If only two {or a maximum of three) fived levels are required for fuel flow and if sequence and duration are
predetermined for these mass flow levels, the application of propellants with different burn rate levels
offers a simple and reliable concept.

Different propellant types may be cast one on another or the gas generator may be divided inio different
chambers which are ignited and operated independently. The use of several primary combustion chambers leads
to a Yow volume efficiency and an increase in structure weight, Usually, mission requirements are prohibitive
to the application of this simple concept.

3.4 RAM-COMBUSTOR

Three topics have to be discussed concerning ram-combustor design:

- optimization of the ?eometry to achieve high combustion efficiency
- thermal protection of the combustion chamber
-~ thrust nozzle design and thermal protection

Especially, the first item is reviewed in some detail in the next paragraph, since there are characteristic
aspects finherent in the SPR system. Insulation problems and thrust nozzle design are similar to other ram
type engines and are only shortly discussed.

3.4.1 RAM-COMBUSTOR CONFIGURATION / 4, 15, 16, 17, 18, 197

The basic design of the ram-combustor (secondary combustion chamber) 1s mainly determined by the missile
configuration, Different air {intake configurations are presented by figure 3,18, A lateral arrangement of
two or more air intakes usually leads to a side dump configuration of the ram-combustor. A chin ar ventral
intake or 2 non-integrated design of the propulsion module are favorable to the application of a coaxial
ram-combustor configuration,

Possible ram-combustor configurations are s hamatically schown by fig. 3.19, along with some examples of
detailed design patterns,
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are predetermined by the required mission envelope of the propulsion system. These are:

equivalenceratio
chamber pressure
thrust nozzle throat area {i.e. combustion chamber contracti.n ratio)

chamber length

The figures for total mass flow through the ram-combustor,the equivalence ratio and the chamber contraction
ratio result from the required thrust level, A1l three parameters together determine the chamber pressure.

The chamber Tength usually corresponds to the required length of an integrated boost motor.

The ~quivalence ratio (determining combustion temperature) and the chamber pressure have a strong influence
on the combustibility characteristics of most types of fuel components., The chamber length and the chamber
centraction ratio determine the residence time of the combusticn products in the ram-combustor which is a

very important parameter for the efficiency of particle combustion.

As a consequence, the optimization of the ram-combustor geometry is restricted to the following subjects:

To provide proper mixing of the fuel-rich primary combustion products and the ram air (possibly for a
wide range of operating conditions) ’

To provide Tocal variations of the equivalence ratio different from the overall figure which may be
favorable to the combustion of high energy fuel components exhibiting marginal combustibility character-
istics, Variations of the equivalence ratio are effected by special flow patterns 1ike recirculation
zones,

To provide a uniform pressure and temperature profile upstream of the thrust nozzle to get optimum use
of the expansion flow in the divergent part of the nozzle.

Beside a high combustion efficiency,it is a main objective of the ram-combustor optimization to provide
autoignition of the secondary comtustion (if the temperature of the primary combustion products is adequate).

Since the usually required accommodation of an integrated booster is prohibitive to any installation (e.g.
flameholders) in the ram-combuster, the aforementioned optimization goals must be achieved by proper design

of

« the air injection into the ram-combustor
= the fuel injection.

It is obvious that there is no general approach to the optimization of these geometrical parameters. Optimiz-
ation depends on the predetermined overall ram-combustor configuration (coaxial or lateral air injection)
and the applied fuel components (particle loading, combustibility). Conseauently, only some major aspects

can be discussed in this place,

Generally, three major parameters are available to optimize air injection:

- air injection angle
- afr injection velucity (i.e. area of air inlet into the ram-combustor)

- shape of the air inlet

Additionally, vanes or similar installation may be inserted in the air inlet in order to effect flow
deviation or swirl.

A high angle of air injection applied to a lateral combustor configuration or swirl applied to a coaxial
geometry may be favorable to combustion efficiency due to efficient mixing of air and fuel within a short
distance. This is especially true for gaseous primary combustion products. If major portions of condensed
phases are included in the primary combustion products and the equivalence ratio is on the lean side
however, rapid and complete mixing of air and fuel-rich gas and the resulting cooldown of % condensed
phuses may be detrimental to combustion efficiency. The last statement also applies to autoignition. A
penalty in terms of an impulse loss is inherent in any flow deviation of the ram air. The magnitude of
the impulse loss is proportional to the sine of the flow deviation angie.

A high air injection velocity mey improve mixing and combustion characteristics fcr lateral combustor
configurations, It may be helpful to break up highly particle-laden jets of primary combustion products.
However, the objecticn stated for the air injection angle concerning rapid and cumplete mixing of air and
fuel applies to the afr-injection velocity. A high air injection velocity is effected by throttling at the
intake port to the ram comtustor, Throttling cf the air flow leads to a loss of total pressure. Total
pressure loss being a performance related parameter should be kept low,

A particular shape of the air inlet(s) may be designed to induce high local turbulence or to adjust the circum
ferential or axialextension of air injection {e.g. using rectangular instead of circylar intake ports). An
appropriate geometry of the air inlet may be impcrtant for the combustion of fuel gas containing high

portions of condensed phases. A sophisticated shape of the intake ports poses severe problems to the design
of the port covers which seal the air ducts during the operation of the integrated booster.

The axial position of the afr injection s a geometrical parameter which applies only to lateral air intake

configurations. A downstream positioned side dump configuration of afr injection has to use a high injection
angle to get advantage of a recirculation to be formed in the combustor dome.
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duct near the intake port of the combustor by upstream or downstream orientated injectors similar to
customary configurations of CRJ's., Primary combustion products of high temperature or with significant part-
{cle loading have to be fed into the dome of the ram-combustor. This being the :ase, the following geometrical
parameters are avaflable to optimize fuel injection:

- fuel injection angle relative to air injection
number of fuel injectors

angular and radial position of the fuel injectors
fuel injection velocity

shape of the fuel injector

A widn angle included by air and fuel gas injection (e.g. a perpendicular configuration) is desirable to
provide proper mixing. On the other hand, a high amount of particle loading in the primary combustion products
may be prohibitive to wide angles included by fuel injectc s and ram-combustor axis. Significant erosion

can be effected by particle-laden fuel flow directed to the ram-combustor wall, As a consequence, proper
mixing of air and particle-laden fuel gas is not easily achieved for a coaxiai ram-combustor configuration.
The lateral combustor desig: usually allows an almost perpendicular injection of air and fuel gas.

The number of fuel injectors depends on the overall combustor configuration. One central fuel injector is
frequently applied to a coaxial ram-combustor, This injector , however, may feed through several nozzles or
ports ejecting to different directions. An impinging injector consisting of several injector nozzles
installed at regular inteivals in the air intake port is also applicable to a coaxial combustor configuration
if particle loading is low for the primary combustion products.

For lateral configurations the number of fuel injectors usually is related to the number of air inlets into
the ram-combustor. The angular and radfal position oF the fuel injectors are parameters mainly applying to
the lateral ram-combustor configuration, Corresponding angular positionsof air and fuel injection are
desirable to ensure break up of particle-laden fuel flow., Furthermore, i¥ {s evident that fuel injection
at anouter radial position is more favoratle to mixing than a central fuel injection.

The optimization of fuel injection velocity depends on the composition of the primary combustion products,
and the configuration selected for fuel injection. Plume expansion downstream of a sonic nozzle may provide
sufficient distribution of gaseous primary combustion procducts, Particles needing time and distance for
velocity relaxation possibly are not properly distributed by a sonic injector. Any sophisticated shape of the
fuel injectors designed to induce particular flos patterns for mixing will only be effectivefor gaseous
primary combustion products. A rapid deviation of particle-laden flow (e.g. by a vortex) will more likely
result in a separation of gaseous and condensed phases than in an improved distribution of the particles

due to the aforementioned two phase flow problems,

One important aspect has to be added concerning fuel injector optimization which is not related to combustion
efficiencv, While no major design restrictions are imposed when thc primary combustion products are pre-
dominant’y gaseous and have a low temperature, any sophisticated design of the fuel injectors will be

highly complex 1if not infeasible for high temperature particle-laden fuel flow. Remembering that depositing
and erosion risks are inherent in particle-laden flow and high heat flux exists in narrow gas pipes and bends,
there should be two additional objectives for fuel injector design:

= To minimize the duct length between gas generator and ram-combustor
= To avoid complex flow patterns

The use of thermally resistant matertals may be required for fuel injector components. For this purpose, all.
materials quoted in para, 3.3.1.2 referring to control valve components can be applied.

3.4.2 Thermal Insulation £ 10, 117

Obviously, an insulation of the ram-combustor is required to protect the structure from the hot combustion
gas, The application of an ablative layer is customary for the SPR system as well as for CRJ's. This material
usually consists of a silicon rubber filled with different portions of carbonaceous or ceramic fibers or
powder. Fillers are added to improve insulating properties to adjust ablation rate and to ensure sufficient
mechanical properties of the pyrolized material., The ablative layer may be applied to the combustor by centri-
fugal action or by pressing depending on the viscosity of the uncured material,

Insulation thickness should be kept Yow since it determines the diameter being allowed for the integrated
booster. An increase in insulation thickness results in an increase of booster length referring to a fixad
booster mass and volume. The required thickness of the insulation depends on

- heat flux into insulation (depending on ram-combustor operating conditions)

- maximum temperature allowed for the structure

- operation time of the engine

- ablation rate

- insulating properties of the pyrolized matrix

- rigidity of the pyrolized matrix

Problems have been experienced concerning the last item with CRJ's. The pyrolized insulator was damaged by
combustion instabilities occuring for equivalence ratios near the stoichiometric figure. Although the risk

of combustion instabilities appears to be inferior for the SPR (according to available experience), the
mentioned problem has to be considered for the design of the ram-combustor insulation.




3.4.3 Thrust Nozzle / 10, 117

All main aspects of thrust nozzle design for a SPR correspond to CRJ design. However, two problems have to
be considered additionally which may arise when the combustion products of the ram-combustor include a
significant portion of condensed material. This will occur when metals are used as high energy fuel components.

In this case

~ there will be a moderate risk of erosion or depositing which both may degrade the contour of the thrust
nozzle :

- two phase flow effects will increase expansion losses.

Both effects are not very detrimental to erngine performance and may be minimized by adequate design of the
convergent and divergent nozzle contours. Tue thrust nozzle is exposed to high thermial stress for a long
duration. Consequently, the application of temperature resistant materials is mandatory. High melting metals
cannot be used for the thrust nozzle due to the unacceptable weight penalty. Since large ceramic parts are
extremely expensive and still imply a considerable manufacturing risk these are net exhibiting a proper
solution either. Consequently, : ]

- steel nozzles with thermally resistent coatings {spinels, zirconium-oxide)

- graphite nozzles } with ceramic coating or impregnation
= CFC nozzles :

should be applied.

3.5 INTEGRATED BOOSTER AND TRANSITION

The subject and the inherent problem of integrated booster and boost-sustain transition phase are common

to all ram-type engines. The ignition of the sustain propellant and the subsequent pressurizing of the gas
generator are the only particular characteristics of the SPR transition. Since a short time span (usually
below 200 milliseconds) is needed for this action it has to be included adequately in the transition sequence

of :

booster burn-out :
booster nozzle separation
opening of the port covers
{gnition of ram-combustion.

An additional device to ignite ram-combustion will not he needed for the high energy SPR, due to its auto-
ignition feature. If an ignition device is required for a low or medium erergy SPR system the same install-

ation may be applied as for the CRJ.

4. DEVELOPMENT HISTORY AND STATE OF THE ART / 1, 2, 4, 12, 13, 14, 207

At the end of this Tecture, some historical highlights of SPR development shall be presented along with a
short summary of the present state of the a: -t and anticipated future applications. Several SPR systems of
different size were flight tested since 1955, One SPR system is operational in the Soviet SAM 6 missile.
These flight vehicles are shown by figure 4.1. Available technical data are summarized below.

o 1954/1955: Four SPR flight tests carried out by Thiokol
- flight vehicle: diam: 2 in (50 mm); length: approx. 28 in {710 mm) -
- SPR engine: anaular scoop air intake; fixed flow gas generator
- tardem booster; ground launched
o 1958: Three flight tests of FDR3 by Thiokol
- flight vehicle: diam: 5,62 in (168 mm); length: approx. 4 ft 7 in (1,4 m)
- SPR engine: conical nose air intake; coaxial ram-combustor configuration, fixed flow gas
generator
= tandem booster; ground launched
o 1966: Two flight tests of SPARM (solid propellant augmented rocket motor)

- flight vehicle: modified airframe of the AQM37A drone
diam.: 13 in (330 mm), length approx. 12 ft (3,65 m)
(length without pitot probe and booster nozzle)

- SPR engine: 2-dim ventral air intake; side dump ram-combustor; staged propellant to
demonstrate two level sustainad thrust.

- integrated booster, air launched
=~ flight envelope: Mach 2.5; flight altitude AS000 ft (13 km); burn time 182 sec; range 74 nm {135 km)

o 1967: Soviet SAM 6/Gainful becomes operational Eh;r-

type: Surface-to-air tactical anti-aircraft weapon ) W
configuration:  Slender cylindrical body with pointed nose, small cruciform wings near mid-
length and cruciform tail fins, four air inlet ducts between wings

£
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= Tength: 20 ft 4 in (6.2 m) O]
- diameter: 1 ft (33 cm), span (max): 4 ft 1 in (1.24 m) e
-  weight: 1212 1b (550 kg? F:::;
= SPR engine: four lateral trafling shock air intakes; side_dump ram-combustor; fixed !




o 1976: Two flight tests of an SPR experimental missile carried out by

the French ONERA

- flight vehicle: diam.: 15,75 in (400 mm), length 18 ft (5.5 m), weight 14301b (650 kg)

- SPR engine: four lateral bi-conic air intakes; side dump ram-combustor, rod and tube
grain configuration; medium energy self-pyrolizing propellant, fixed flow
gas generator

~ tandem booster, ground launched
- flight envelope: ballistic flight; culmination 8600 ft (3 km) with Mach 2.1, approx. 50 sec of

sustained flight; range 19 nm (35 km)

o 1982: Two test flights of the EFA experimental missile carried out by the
German MBB (Messerschmitt-Bt1kow-Blohm GmbH) company

- flight vehicle: diam.: 9.45 in (240 mm), length 12 ft (4.2 m)
" SPR engine: four lateral half-axisymmetric air intakes, side dump ram-combustor configuration;
endburning grain; high energy propellant (40 % boron loading); fixed flow
gas generator
- tandem booster, ground launched
- flight envelope: one ballistic and one guided flight; altitude approx. 4300 ft (1500 m);
Mach 2.5;high gside maneuvers during second flight

0 scheduled: DR-PTV (ducted rocket propulsion test vehicle) by Hughes
-  flight vehicle: diam.: 7 in (178 mm)
- SPR engine: two 2-dim lateral air intakes; side dump ram-combustor confiquration;

endburning grain, medium energy propellant; fixed flow gas generator
- integral nozzleless booster; air-launched

- {n the VFDR (variable flow ducted rocket) program, initiated in 1982, a throttleable propellant
of increased energy content will be developed for use in the DR-PTV system.

The present state of SPR technology shall be 1llustrated by some figures referring to
- propellant energy cuntent
- propellant throtteability
- ram-combustion efficiency

Concerning the energy :ontent of the propellant, a hypothetical highly metallized formulation containing

50 % boron
5% aluminum
20 to 25 % AP
25 to 20 % binder
and exhibiting heating vaiues of
Btu MJ

. 1700 - 1800 25 /40 - 42 o
- 1050 St / o8 B,

may be considerad to be the present feasibility 1imit referring to processability, burning characteristics
and expulsion efficiency. Assuming reasonable parameters for performance calculation, a flight Mach number
of 2.5 and sea-level flight, a specific impulse of 14000 m/s can be attributed to a SPR using the afore-
mentioned propellant. This figure should only be understood as a rough hint for performance level.

As already mentioned in para. 2, turndown ratfos up to 18 have been demonstrated for SPR gas generator
propellants Nevertheless, referring to high energy propellant formulations, avatlable information indicates
that turndown ratios between 5 and 10 more 1ikely present the current state of the art.

Referring to afterburning, there exists considerable experience with low energy propellantswithout solid

fuel additives and with highly metallized high energy propellants (up to 40 percent boron loading). Less

experience is available for medium energy propellants with solid carbon or hydrocarbon additives and low

to zero metallic loading. However, increasing emphasis is placed on the investigation of this type of SPR
propellants. Summarizing the available experience, the following figures may be indicated as state of the
art (temperature rise) afterburning efficiencies:

Tow energy propellants : >9%%
medium energy propellants
(carbon or hydrocarbon fuel additives : 85 to 95 ¥ (depending on ram-combustor operating conditions)

low to zero metal content)
= high energy propellant ¢ 80 to 95 % (depending on ram-combustor operating condftions)

Problems concerning the design of control valves, injectors and thrust nozzles that arise from high temperature
particle-laden combustion products can be handled for state of the art propellants. However, sophisticated
design and ultimate use of modern materials and manufacturing technology are reguired for the construction

of these components.

Finally, some possible future applications of the solid propellant ram rocket shall be reviewed. As already

indicated in the introduction, the SPR is a favorable candidate for the propulsion system of medium to high
ranae tactical miccilac nf the next asneratinn Tn thic fiald nf rraurea tha SDD ramnatac with FDlle and CEN¥e
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The SPR provides the general advantages of ram-type propulsion referring to range, sustained supersonic
speed and the capability to perform high g maneuvers even in the terminal flight phase, While the CRJ may
be greferred for extreme range requirements and for reusable vehicles and the SFRJ may be preferably
applied where simplicity, small size and low cost are the predominant requirements, there is a considerable,
domain of mission profiles where the SPR features are equivalent or superior to those of its competitors.

These features are:

direct control capability along with relative simplicity
autoignition capability - reduced or eliminated flame out problems
a1l solid fuels

high volumetric heating value, application of high density fuels

The SPR may replace the solid rocket propulsion unit of operational missiles to upgrade their performance.
Here the SPR is preferable when tne CRJ is incompatibie with logistic considerations (e.g. liquid fuel) and
the performance and system flexibility of the SFRJ are insufficient.

8y now, SPR systems are in discussion or under development for the following appHcat'lbns:

Surface-to-surface/antiship: A high energy SPR propulsion unit (40 percent boron loading) is under develop-
ment at MBB/FRG for use in the ANS (anti-navire-supersonique) missile. ANS
icf. fig. 4.2) is a French-German cooperative project carried out by SNIAS

societd nationale industrielle aérospatiale) and MBB. ANS shall replace
missiles 1ike Exocet, Otomat or Harpoon in the 1990's,

Surface-to-air: SPR application to future medium range SAM systems {s discussed in the
European part of NATO, Even for the short range low altitude surface-to-air
mission, the application of the SPR provides advantages. A study considering
a SPR Roland missile (cf. fig. 4.3) provides a significant potential for range
increase and a tailchase capability which does not exist for the rocket-powered

missile,

Air-to-surface: In this field, SPR application {s considered in the USA. An air-to-surface
missfon with cruise flight at high altitude and terminal dive to the target may
be accomplishes using a simple fixed flow SPR system.

Air-to-air: Medfum range air-to-air applications for the SPR are discussed in Europe and in
the USA. Possibly, a throtteable variant o7 the DR-PTV may lead to a future
AMRAAM (advanced medium range air-to-air missile) propuision unit.

5. CONCLUDING REMARKS

This lecture reviewed design and performance characteristics of the solid propellant ram rocket. The advanced
technical standard that has been presently achieved for this propulsion system allows its application with
moderate 4evelopment expense and relatively low technical risk.

While na general design or selection criteria can be provided for a missile propulsion system, the lecture
tried to indicate major advantages as well as problematic aspects of the SPR system to be considered for

propulsion system selection and to present a rough guide to performance tailoring and compcnent design. r_;'
The author wishes to express his particular thanks to a1l - hers of the MBB-UA airbreathing propulsion group -‘_:
for their advice and assistance to compile all the inforr=:ion that formed the basis of this lecture. - ‘_,-
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SPR Propulsion System

Specific Malting Point/
Chwmical |Reactien Gngx. Oxygen Bolling Point of
Oxidizer Formuls | Products g/ ant, % | Reaction Product, R
Nicronium NO, 10, .2 6.0 -
perchicrate
Nitrosyl NOC10, - 2.17 61.3 -
perchiorate
Lithium LICI1O, LIiCl 2.8 60.1 13972903
perchlorate
Ammonium | NH,C10, N, HCI, | 1.93 38,3 -
perchiorate o0
Sodium NaC10, NaCt 2.5 32.2 1933/3033
perchlorate
Potassium KClO, KCl 2,33 6.1 1833/3191
perchlonate
Lithium LiNOy L0 2.33 69.6 Mz
nitrate
Ammonium | NHyNOy Ny, H0 1.73 60.0 -
nitrate
Sodium NatN O, Na,0 2.26 6.5 -
nitrate
Potassium KNOy K;0 2.1} 7.3 >3600
nitrate
HMX (CHyNyO7) - 1.90 83,2 -
RDX (CHN,0,) 4 - 1.70 3.2 -
Notes HMX = cyclotetramethylene tetranitramine, RDX a cyclonite (cyclotrimethyl-
ene trinjtramine)
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Amount of Burn | Manufac- .
Uncondersed Charace turing A
Oxidizer Species Performance | teristics | Aging [Experience | Oversll .
Nitronium o v . .- - - e
perchlorste .
Nitrosyl . . . - - - Fig. 3.3b: Oxidizer Selection Trade '
perchlorate L
Lithium - v . - ) ) -
perchlorate K)
Ammonium . . . . . . :.
perchlorate ' -~
Sodium - . . - [} - .:
perchiomte
Potassium - [} . . 0 -
perchlorate
Lithium .- " . an - -
nitrate
Ammonium . . - s [} -
nitrate
Sodium - 0 . - ) .
nitrate -
Potassium an 0 - - 0 L.
nitrate
HMX . * 0 - 0 0 !
RDX - ¢ 0 - 0 . |
Legend: ++ very good, + good, O fair, - marginal, -- bad : ‘ :
Noter HMX « cyclotetramethylene tetranitramine, RDX = cyclonlite (cyclotrimethyl- !
ene trinitramine)

ingradient Oxygen Requirement Density Heat of Combustion State at

v g‘;‘.':‘ ‘;:Z'Q”" Ib/in? glce |Bwusib  ki/kg  Btufin® {kJjdm ::'n“;f":;n
Hydroxyl-terminated polybutadiene 3.19. 0.0336 | 0.930 {18045, | At972. 606.3 § 39036. i
{HTPB)
Carboxy!-terminsted nolybutadiene 3.20 0.0387 1 0.960 [ 1791°. | 8166N. 621.3 | 80018, [}
(cTee) ]
tsodecylpelargonat (IDP) 2.98 0.0311 1 0.860 | 16126. ! 37508, 501.5 | 32288, ]
Polyisobutylene (Oppanol) LN} 0.0328 [ 0.910 | 3m713. ¢ 43s26. 615.6 | 39634, '
Catocene 2,58 0.0866 | 1.29 {18257, 33161, 66n.8 | 82776. |
Carbon amorphous 2.66 0.0587 | 1,625 | 18095, | 32784, g27.8 i 5321, s
Graphite 2.46 0.0813 | 2.250 | 14095. 32784, 1188.9 { 73777, $
Polydicyciopentadiene 3.18 0.0397 | 1.100 {17535, | 4w0786. 696.1 | w5817, s
{Zecorez)
Cross-linked polystyrens (CLPS) 3,07 0.0381 | 1,058 | 17139. | 39%865. 653. 32042, s
Poly -(alpha-methylstyrens) (PAMS) n 0.0387 11.07 [17317. | 20279. 670.2 ] 43150,

Fig. 3.4: Properties of Carbon and Hydrocarbon Fuels
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RAMJETS WITH SUPERSONIC COMBUSTION

Frederick S. Billig
The Johns Hopkins University
Applied Physics Laboratory
Johns Hopkins Road
Laurel, Maryland 20707

SUMMARY

A terse look at the requirements for high speed-long endurance missiles and the virtues of airbreathing
propulsion are presented to support arguments for developing ramjets that employ supersonic combustion. A
review of general classes of inlet configurations leads to the selection of multiple inward turning scoop
(1TS) configurations to serve as the basis for engine cycle analysis. A fixed geometry ITS inlet is shown not
only to have an attrective performance potential, but to be quite versatile for use in a variety of engine
configurations. When it is designed to have full air capture at a flight Mach number Ho somevhat below the

cruise Mach number, it can produce high pressure recovery over a wide Ho range with high air capture during

climbout at low angle of attack 0 as well as dur’ng cruise at near optimal a. The‘geometry of a family of ITS
{nlets 1is examined to determine optimal configurations for various constraints and to provide quantitative
values for the flow properties for entering the combustor analysis.

A flow model for the combustion process. that includes the major features that have been observed in
experiments serves as the basis for determining the pressure rise in the shock train that precedes combustion
and the conditions at the combustor exit. Calculations for simplified frictionleas flow with conatant specific
heats show that 1) the combustor area ratio is set by the acceieration requirements at the end of boost; 2)

the combustor operates in a subsonic mode at low Mo and in & supersonic mode at high M_; and 3) optimal per-

formance occurs when the combustor inlet conditions correspond to moderate inlet contraction rstios. Computed
values for the net engine force coefficient show that forebody drag must also be considered to determine the

optimal overall engine configuration.

NOMENCLATURE

cross-gectional area
effective flow area

phyaical ares

projected area of inlet

surface area

forebody drag coefficient = D/quR
additive drag coefficient = DADD/quR
net force coefficient

mean skin friction coefficient

G > > > >>

T < » o »

[2]

DADD

(2]
-

J
"~

thrust coefficient

(2]
-

drag
additive drag

oo
&
(=]

diameter or hydraulic diameter st station 4

equivalence ratio
elfective equivalence ratio = ER'nc

fuel/sir weight ratio
stoichiometric fuel/air weight ratio

=%
L
.
-

o -y
]

net force = T—D—DADn

stream thrust = pA + pAut
constant in Eqns. 10, 11

14f¢
Pach number
Mach nucber st which inlet obtains full capture at a = 0°

w3
[

molecular weight

pressure

dynsmic pressure

gas constant

axisl distance from origin ol shock train R
axial distanca betwean fuel ports and end of shock train

ewsvy xxr
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temperature
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a angle of attack

B inner scoop angle with r.spect to nissile axis

Y ratio of specific heats

8 boundary ]ayer thickness

&* boundary .syer discplacement thickness

6c half-angle of conical compression surface

[ Crocco parameter for pA processes

3 Crocco parameter for processes between stations s and e

N, combustion efficiency

"xz inlet kinctic energy efficiency

Ny nozzle efficiency

8 boundary layer momentum thickness

-] flight path angle

9" angle between cone axis and ray passing through scoop
leading edge

p density

Tv wall shearing stress

[ roll angle

[ smile angle of ITS scoop

'] sector angle of scoop duct

w' flow angle along conical ray

Subscripts

0 free atrean conditions

1 conditions ahead of scoop lip shock

2 conditions in plane of crotch in side plate

3 conditionc at end of supersonic compression processes

3 conditions corresponding to downstream of & normal shock
at station 3

4 conditions ahead of shock train

5 conditions at combustor exit

6 conditions ¢t nozzle exit

c conditions on cone surface

CR flight conditions corresponding to cruise

. effective; conditions at origin of € = constant heat addition

EOB flight conditions corresponding to end of boost

£ fuel

[} conditions at downstream end of shock train

1Y wall

Superscript

mean value
' conditions downstream of normal shock

*
conditions at the sonic point

INTRODUCTION

The attractiveness of the supersonic combustion ramjet as the powerplant fur a high-speed missile
has been recognized for more than twenty-five yesars. Arguments ouppor’ing the use of the scramjet cycle for a
missile and comparivon of performance with engines using subsonic combustion were presented in Ref. 1.
The effective defense against future air-to~surface missiles, on-thc—dcgk attacks, and IRBM attacks will
require major reduction in time-to-intercept of the defense missiles, canpared with presently available
surface~-to-air missiles. For the foreseeable future, effective intercept of ballistic missile warheads,
as well as air-supported attacks, wili occur within the atmosphere, becsavse the atmosphers provides the
best neans for distinguishing botween the ballistic warhead which must be destroyed and extraneous re-
antering material accompanying the warhead to which firepower must not be diverted. The margin of superiority
of ramjet missiles to rockets increases rapidly as sissile speed increases. To provide equivalent perfor-
mance to a Mach 7 supersonic combustion ramjet vehicle at sea level, a rocket would bave to have roughly
three times as much weight. Included in the open literature (see e.g., Ref. 2-4) are a number of super-
sonic combustion ramjets that have progressed through the stage of free-jet engines tests.

Before proceeding into the main discussion of this paper, some clarification in semantice is needed to
differentiate between the conventional subsonic comburticn ramjet (CRJ), the scramjet and a hybrid cycle,
the dual-combustion ramjet (DCR). As used herein, the CRJ {» an engine cycle wherein there is a normal
shock structure in the inlet compression system for all operating conditions and asll of the heat addition
takes place in subsonic flow. All of these ramjets must be boosted to some supersonic end-of-boost Mach
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number ("zoa) by & rocket engine., Scramjet will refer to an engine cycle which over at least som: [.tt of
the Mach (Ho) altitude (Z) equivalence ratic (ER) operating envelope, heat is released in supersoc . ilow. Z .

Most practical scramjet engines fcr missile applications must operate at high ER upon the ramjet ta:.. v at
an "sOB £ 4, and at this modest speed a normal shock structure will be present and some, 1if not all, @ e )
heat will be released in subsonic flow. This cycle 1s often referred to as a dual-mode engine, but i: **1{ :
paper no distinction w’ll be made from the scramjet. Dual-mode should not be confused with the DCR, & !-.

is a hybrid engine cycle that combines & CRJ with a scramjet (Ref. 5). The moderate HEOB for the scra: .-

or DCR 1s a consequence of the optimization of a tandem or integral-rocket-boosted, fixed-geometry scramj. -
system which dictates that 0.55 HCR 5-HEOB~i 0.6 M__, whece MCR is the Mach number during high-altitude

cruise. Typically, 6 E.ch‘i 8; thus HEOB * 3-4. 3Since cost and complexity are key considerations in
determining missile feasibility, vaviable geometry and active cooling of the airframe are not practical. °
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Schematic illustrations of the scramjet and DCR are shown in Fig. 1. Nose entry configurations are
shown, but aft entry configurations such as the so-called underslung engine (Ref. 6) have also received
considerable attenticn., Inlets for these engines are of the external-internal compreasion type wherein the
preassure rise is obtained via a series of weak shocks ¢nd regions of isentropic compreceion, & portion of
vhich occurs in the internal ducting. Typical inlet contraction ratios, A1/A3. vary from 4 to 8 (see Ref.

7). Whereas the inlet flow is fully contracted at station 3, additional length must be sdded in an isolator
section to prevent combustion-induced disturbances from causing adverre interactions in the inlet (Ref. 8).
The combustor generally has a diverging area to permit high heat releasa at low HO' In some configurations,

a step increase in cross-sectional area at the combustor entrance has becr. used (see e.g§., Refs. 9, 10) to
help mitigate combustor-inlet interactions and to enhance flame-holding. .he exhaust nozzle has either a
straight or a contoured shape and the demarcation between cuambustor sud norzle is the change in shape rvather
than the point of completion of heat relesse. All of the fuel can be added at the combustor entrance or

fuel injectors can be staged at several axial stationa, The latter method can be used as & means of adjusting
the effective area tatio of t!: combustor thereby enhancing p. *formance, but at the expense of weight,
complexity and cost. Instream injectors have been given consideration, buit with some trepidation due to the
difficulty in providing adequate structural integrity. Injecrion fiom ports in the wull is preferred.

a. 2!

If the scramjet must operate at Ho < 4.5, which 1is generally the case, the static tempersture in the

combustor is below the autoignition point of conventioasl hydrocarbon fuels such as JP-5 and RJ-5. For )
these, some type of piloting system is needed and piloting has proven difficult. Even vhen ignition has -
been obtained, flame spreading has been minimal and reaction rates slow compared with typical residence times N
of 1-2 ms. Righly reactive fuels such as HiCal 3-D (& blend of mono and higher ethyldecaboranes) and penta-
borane~-hydrocarbon blends autoignite and hurn rapidly at static temperatures at least as low as that corres-

ponding to Ho = 3.5 and have been used in free~jet engine test demonstrations of the scramjct (Ref. 2).

Unfortunately, these fuels are expensive, toxic, pyrophoric at room conditions, and no longer in production.
It was these limitations which led to the concept of the DCR.

NN

S

.
ot
i e

The DCR 18 conceptually a scramjet with a large pilot burner., The Inlet airflow 1s split so that 20-
25 percent is directed into & "dump-type" subsonic combustor, herein called the gas generator. Because the
flow 1is subsonic, the static temperatures are higher and ignitfion and combustica can be obtained as in any
vell designed CRJ. From both an engine cycle efficiency standpoint and a design simplicity standpoint, it is
advantageous to add all of the fuel in the gas generator and eliminate the need for a fuel injection system
for the main supersonic combustor. Thia means that for all overall engine Juel/air equivalence ratio (ER)
requirements g-eater than the value corresponding to the fractional air flow split (gas generator/total), the
gas generator operates in excess of stoichiometric. The bulk of the air capturad by the inlet 1s ducted
supersonically around the gas generator to the main combustor entrance. Refer to Fig. 1b. The downstresnm
portion of this duct serves as a combustor-inlet imolator. The hot, genersily fuel-rich effluent from the gas
generator mixes and rzacts with the main flow before passing through the exhaust nozzle. Presuming that the
gas generator can operate efficiently over a wide FR range, the designer can tailor the air split and the area
of the discharge port of the gas generator to obtain optimal performerace for a given application.

INLET DRSICN

Before presenting in detail the current understanding of the physical processes and the state~of-the-art
of the analytical tools that ars used to analyze supersonic combustion, various concepts for scramjet and DCR
inlet designs will be discussed. The literature is rich (see s.g., Ref. 11) witl the results of engina cycle
calculations that give the requirements fo' «ir capture, inlet compression ratio and efficiency that result in
a rompetitive propulsion cycle. Some genera'! guildelines are: the inlet contraction ratio should be sufficient
to pv wide 0,35 iHJIHo < 0.50; at HEOB *he +4ir capture ratio AOIA1 should be no less than 0.6 to 0.7 of the

saxisum air capture ratio; the inlet kinetic energy efficiency prior to any shock structure in the fsolator
should be no less than 0.95; the cowl iip sn: wae drag must be lov; snd operation at angles-of-att.ck, &, of
12° or greater should be tolersted without c usi g engine unstart. These requirements have been paramount in
the design strategies employed in the develo ment of the three types of inlets shown in Fig. 2.

Figure 2a is a modular or Busemann~type inlet wherein tha flowfield into each inlet module is in effect s
section of a fully internally contracting flowfield that has been cut along streamlines and turned inside out.
The swept "cowl” leading edges are shaped to follow the intersection of the first compression wave with the
captured free sireamtube when the inlet is operating «t its design "O and at @ = 0°. Tha sweep angles are

typically greater than 60°, therefore the leading edge drag and heat transfer rates are minimal. Theoretical
tools have been developed (seea e.g., Ref. 12) which can provide contours for compression surfaces for any
desired contraction ratio up to that corresponding to H3 w 1. Practical designs are limited to contraction

- L8 Q8 mna Ammrnnd
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Fig. 1 Schematic illustrations of hypersonic ramjet engines.
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contraction than would be allowable in the fully internally contracting counterpart because tie controlling
area to meet the starting criterion is the cross-sectional area of the duct at the crotch station rathur than

the cross-sectional area at the cowl leading edge station,

Designs can be developed to bring a cylindrical capture tube into any number of modules, but most atten-~
tion has been given to three and four module designs, as typified by the photographs shown in Fig. 3 of inlets
tested over the range of Mach 4-10. The modular deaign brings the flow to the periphery of the engine and

ety

LIS W IS X

SCRAM INLETS

oy

» w-y
. .

* e s e aw we

3MODULE INLET MODEL 4MODULE INLET QUADRANT MODEL

3MODULE INLET EVALUATED IN 7 WIND TUNNEL TESTS AT M, = 4.0,5.3, 6.0, 7.8 AND 8.1
4MODULE INLET EVALUATED IN 6 WIND TUNNEL TESTS AT M, = 4.0,5.3, 7.8, 8.1 AND 10.0

Fig. 3 Photographs of Busemann type hypersonic infets.

cannot in supersonic flow practically be brought back to a central duct combustor. Thus, the designer haa two
choices: either each {nlet can be used to supply a separate modular scramjet combustor, or the flow from each
module can be spread circumferentially in a contoured duct to bring the flow to a common annular combustor.

In the free jet test previously cited (Ref. 2), a three-module inlet was used to supply three separate com~
bustors, and the exhaust nozzle was shaped as the inverse of the inlet to bring the three streams together ia
the nozzle exit plane. For such a design the modules function separately ar three independent engines and by
using differential fuel-flows it becomes possible to obtain thrust vector control.

Figure 2b shows the so-called "shock trap"” inlet that has been examined for use in both the CRJ and the
scranjet. Annular and chin-type nose and half annular aft designs have been examined. In these configura-
tions, the flow is first turned cutward on the external coupression surface and then turned toward tha axis
through a relatively strong shock emanating from the cowl 1lip., 1deally, the external surface of the cowl 1ip
is aligned with the body axis to eliminate cowl wave drag at a = 0, To mitigate the adverse effects that are
caused when the strong shock strikes the boundary layer that has built up on the compreasion ramp, a large
bleed slot is added. When used in the CRJ cycle, the bleed acts as an "educated" slct to provide additional
inlet margin. The alot's intelligence is ascribed to its self-regulating flow characteristics. When the
disturbance in the region of the slot is weak, the local pressure is low, and the bleed flow 1s minimal,
theraby matching a low mass flow requirement. When the disturbance is strong, as is the case when the inlet
approsches critical operation with the normal shock positioned in the region of the cowi lip plane, the pres-
sure is high and the bleed flow is correspondingly high as required. Whereas bleed can increase the maximum
pressure recovery and inlet margin, it generally reduces the effective air capture of the inlet, requires
additional ducting, and incurs a loss in momentum (bleed drag). Various bleed configurations, including
slots, holes and scoops, have also been used to vent low energy air in other inlet configurations. An alter-
native technique for boundary layer control is the diverter. Here, the inboard surface of the inlet duct is
raised above the boundary layer on external compression surface, or above the body boundary layer in an aft
entry configuration, and the low energy air is diverted laterally. This method is restricted to segmented or
fractional entry inlets such as the chin, where lateral spill is possible. In all cases, a detailed composite
design and performance anslysis is needed to assess whether the benefits derived outweigh the penalties in-

curred.

Figure 2c shows an innoative inlet concept that has been given the neme "inward turning rcoop" (ITS).
Multiple acoops, each capturing a sector of the flow are used and the area between the scoops is used for
venting during starting and for diverting boundary layer air when appropriate. Three or more scoops can be
arranged symmetrically to produce overa.l inlet characteristics that ars quite insenaitive to roll angle,
thereby permitting the use of skid-to~turn control. On tlie other hand, two or more scoopa located on the
windward side provide an alternative configuration to the chin-type inlet for a bank-to-turn vehicle. In the
latter case, maneuvering is made in the meridional plane of the inlet and the designer can take advantage of
the additional compression on the windward surface. As in the shock-trap design, the extarnal cowl lip
srmfass 4o alienad with rha miceila avia.  foanasauantlv. in conficurations with the cowl located in the fore-




to permit starting is moved from the plane of the cowl 1lip to the end of the ventin3 slot and lateral spill is
prevented at Ho > HEOB with a = 0°, Within limits, the designer can change the circumferential "smile” angle

V of the scoops to accormodatc different maximum air capture ratic requirements. For nose entry configura-
tions, such as shown in Fig. 2¢, the forebody angle can be reduced aft of the sideplate to reduce drag.
Although a conicai forebody is shown, other shapes can be used, albeit to accommodate a more optimal radome
shape or to improve the inle: efficiency by including some lsentropic turning.

Aft of the plane of the end of the sidrplate vent, the designer has a number of options for ducting the
flow. They are typified in Fig. 4 for the particular case of a 4~scoop symmecric inlet in a conical fore-
body flowfield. In this figure, CRJ, scramjet and DCR engine options are considered. Figure 4a depicts the

8) Annular or modular scramjet.

D

E
¢) Center dump ramjet d) Center duc: scramjet

o) Dual combustor ramjet

Fig. 4 Engine options with inward turning scoop inlets.

option for an annular or modular scramjet. In the annular design, the flowfield from the truncated sectors at
station A-A is spread circumferentially to form a comple:e annulus at the scramjet combustor inlet. Alter-
natively, the flow can either be distributed by shaped transition sections into 4 circular modular ducts or
"dumped" into 4 circular scramjet combustors, the [ ¢sumption being that circular cross-sections in the high
pressure-thermal loading combustor are desirable, 1. 10t mandatory.

In configuration b, the quadrant flowfields are slended into circular croass~sections and brought par-
tially i{nboard after the flow has "shocked down'" to subsonic. As shown, the four ducts supply a subsonic
"dump type" CRJ. Similarly, the flow could simultaneously be spread circumferentially and be directed to the
missile axis to provide a central duct dump combustor as ghown in Fig. 4¢, or a central duct scramjet as shown
in Fig. 4d. Finally, the flow from the inlets can be split to supply two combustors as would be needed for
the DCR, Here, two inlets supply the subsonic dump combus:or as depicted in the lower half of Fig. 4e, and
the flow from the other two inlets is spread circumferentially to form an annular concentric supersonic flow
in the plane of the gas generator exit. In practice, it has been shown that more than two scoops are required
to provide a reasonably uniform flow in the supersonic annulus, thus the configuretion shown is only 1llus-
trative.

Given that the ITS inlet is potentially attractive for a variety of engine concepts, it is an appropriate
cholce for describing a strategy for designing the inlet for a scramjet engine. The first step in the design
nrocess is to exauine ihe effects that changes in geometry have on inlet performance using simplified inviscid
‘lowfield solutions. Then for a few geometries, perhaps only one, the inviscid flow solutions are used as
edge conditions for a boundary layer analysis to yleld the displacement thickness, 6'. and the surface geo-
metry {s accordingly adjuated by &*. With the revised geometry, fully viscous solutions of the fluwfield are
obtained either using the parabolized approximation of the Navier-S.okes ecuations (PNS) or. 1f submanie
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Fig. 5 Block diagram of compu*ational procedures for design of hypersonic inlets.

In this example it i3 assumed that H‘EOB = 4 and the missile will climb and accelerate to cruise at HCR -

7. To minimize fuel consumption during the climb phase, it is necessarv to control both the rate of accelera-
tion and the flight path angle §, “aving entered the climb phase at an optimal SE B’ The determination of the
optinmal climb-out trajectory is a formidable task but for a velatively high thrusg-to—weight ratio missile,

optimal climb~outs generally require & = 0° until an altitude Z = 0.7 ZCR is reached, at which time Mo has

nearly reached KCR‘ Thus, inlet operation a«t angle of attack and low HO is not a signifi;ant design con-

sideration. On the other hand, during cruise at high altitude, maximum range resulta when the missile {ir
flying just below the o correspording to maximum L/D. Typically, a at (L/D)MAx lies between 7° and 12* for
missiles with HCR = 6-8. So, ialet operation at G, particularly with raspect to air capture ratio, is impor-
tant for Mo = HCR' Arguments are presented in Ref. 13 showing that for symmetrical inlet geometries it is
advantageous to design "‘FC - MCR - AM, where AM = 0.5-1.0 to obain optimal performance. Consequently, in this

mxarple HFC =6,

Figure 6a is a schematic illustration of the flowfield in the inlet under consideration at HO = HEOB'
The conical shock lies ahead of the cowl 1ip, since Mo < Hl-'c’ and the air entering the inlet is represented
by Ao and the last captured streamline. Ai is the projected area of the enti.e sector of the circle bounded

by the smile angle of the scoop. The conical compression field 1s turned toward the missile axis by the
cowl 14p shock. Internal cowl 1lip angles B of 0° to 20® will be exam’ned. Inlet sideplates follow the

cowl shock to prevent lateral spillage at a = 0, and no further turning of the flow is introduced ahead of
the plane of the sideplate crotch (Station 2). Thus, the innerbody is turned approximately parallel to the
inner cowvl surface alung the line of the shock intersection with the conical surface, Downstream of tne
station of the sideplate crotch a "boundary laysr recovery” section is ehown. Unless the boundary layer has
been rezoved from the inlet innerboay, the shock from the cowl lip distorts the boundary layer to a profile
that 1s nearing separation. Length at constant pressure is required to restore the profile to a shape more
tolerable to c¢xposure to the adverse pressure gradient in the isentrcplc compression region 2-3. In region 2~
3 the flow is compressed by gentle turning of the cowl side of the internal duct. The innerbody alsoc curves
inwardly to provide cancellation of the weak compression «aves. This secticn can Lhave an arbitrary length
greater than a minimal value corresponding to a centered wave compression focused on the innerbody. Engine
packaging considerations and perhaps viscid-inviscid interactions such as those Just mentioned would govern
the length selection. In this exsmple, the length was chosen such that the inner duct contour is the middle
streamline in a centered compression field. The amount of allowable internal contraction is governed by the
starting area ratio criterion, i.e. that is, A3/A2 can be no rmaller than the ratio corresponding to sonic

flow at station 3 when a normal shock is positioned in the plane of the sideplate crotch. The internal com-
pression is assumed to be isentropic, For the engine configurations shown in Fig. 4 that require transition
from a sector of having a smile angle ¥ to, say, a quadrint of a circle or annulus, circumferential spreading
of the duct aft of aideplate crotch can be incorporated. Providing circumferential spreading while main-
taining either constant pressure as in the "boundary layer recovery” section and downstream of Section 3, or
providing a "shock-free expansion-wave-free" compression as in Section 2~3, ie a challenging deaign problem
that is beyond the scope of this paper. Suffice it to say that generally the desired longitudinal variation

. e T rmesdosal cwsa Al ska duce 40 ahtainad hy orsacrikineg the shave of the inner and ocuter duct walls
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Fig. 8 Geomatrics and flowfields of two 1T3 inlets.

The cowl reflected shock has a slight inward curvature due to the decreasing gradient in Mach number from
the cowl lip to the conical surface and due to flow convergence downstream of the shock. The waves in the
isentropic compression region are similarly curved due to the persistence of the outward to inward decreasing
Mach number gradient downstream of the cowl reflected shock as well as flow convergence. 1In the numerical
examples of the inviscid flowfield solutions that follow, two simplifying assumptions were made aft of the
cowl 1lip station: 1) a mean Mach number that satisfied conservation of mass was used to represent the flow at
major stations and 2) the pressure rise and total pressure loss across the cowl reflected shock were taken
equal to those for a planar flow with the same turning angle.

Other scoop geometries could have been considered. For example, the external compression surface could
have comprised a cone fnllowed by an outward turning isentropic compression surface. For the same amount of
external compression, viz ﬁllpo. the efficiency would be slightly greater, but the inlet would be longer.

Presuming that the innerbody houses an RF seeker, this shape would be less favorable from the point of view
of minimization of radome boresight error. Likewise, the cowl inner surface ahead of the sideplate crotch
plane could be shaped to provide isentropic compression for cases corresponding to 8 > 0. For the same com-
preasion (5;73;), the efficiency would be higher but the subsequent amount of allowable internal contraction,

A /Az. would be slightly less. For most designs, the curved inner cowl 1ip gives better inviacid performance
but the issue would be moot unless the inlet incorporates boundary layer control. If no boundary layer con-
trol is provided, the subsequent discussion will siiow that 8 = 0 is optimal.

Figure 6b is used for exemplary purposes to show the general utility of the Inviscid flowfield analysis.
This inlet has the same cone angle Gc' and cowl angle B = 0°, and it is operating at the same Ho as the
inlet shown in Fig. 6a but it is designed for HFC = 4. All of the other constraints regarding internal con-

tractisn, etc. remain the same. It can be shown that the static pressure increases and total pressure losses
through the shock and isentropic compressions are nearly identical for the two cases (Figs. 6a and 6b). This
is because the average gach number of the flow ahead of the cowl reflected siiock is only weakly dependent on
MFC‘ e.g. for 6 = 15° M, = 3,230 for MF = 6 and M = 3,255 for HFC = 4, The internal duct is, of course,

larger for the MFC -y case, but A /Ao. A3/A2. pc/p0 and pt /pt are nearly the same for both cases. It is
3 "0

also apparent that the inlet contraction ratio Ai/AJ is smaller for the HFC = 4 case, which means that for Mo
> 4 the HFC = 4 case will have lower p3/po and therefore the cycle performance will be lower. Thus, 1s in a

number of other situations in well designed fixed geometry inlets, a loss in air capture is, in part, com-
pensated by increased compression and vice versa. Tha loas in air capture at 6 = O can be obtained from
solutions of the conical flowfield to yield w , the flow angle and M » the Mach number along the conical ray

6 that strikes the cowl 1ip and the total pressure loss across the conicnl shock pt /pt , together with the
0

relationship
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Figure 7 shows AO/A1 for Mo 5o 6 end 7 inlets with 6c = 12.5, 15, 17.5 and 20° over the range 4 M2 7.
Alr capture is only weakly dependent on 6c. At Mo = 4, MFC =6, Aol.\1 < 0.73, so the inlet contraction ratio
can be about 37% greater for a HFC = 6 versus a MFC = 4 design.

Figures 8 and 9 show the method for determining the preferred geometry of the ITS inlet for this example.
Total pressure recovery Pe /pt is shown as a function of AO/A3 for cone angles Gc from 10° to 20° and cowl
3

angles B of 0° to 20° 4n Fig. 8. Three important points can be learned from these results.

1) There is & maximum allowable inlet contrastion ratio AOIA3 that is considerably smaller than would
occur 1f the compression was isentropic and the internal contraction was not limited for starting, {.e.,

~ 5.4 vs. 10.7 for Ho = 4, the Mach number at whicl. the scoop lip shock is designed to strike the knee in the

innerbody surface.

2) For a constant Gc and increasing B, or with B constant and increasing Gc results in a monotonically

decreasing P, /pc and a corresponding monotonically decreasing value of H3' but a maximum occurs in AO/A3.
3 0

Scramjet cycle performance increases with increasing M3 for a given AO/A3, 80 only the upper branches of the

curves are of interest.
3) Small or negligible internal cowl 1lip angles result fn the best performance, i.e., maximum P /pt
3 70
for a given AO/AJ' Indeed, for any value of AOIA3 < 5.3, 8 = 0° is optimal.

Contours for constant values of AO/A3 are mapped in a plane of cowl shock pressure rise, pzlp1 vs. the
Mach number on the conical surface, Mc. to examine the problem of boundary layer separation on the innerbody

surface in I'ig. 9. The separation criterion used to establish the demarcation between separated and attached
flow is in accordance with the values suggested in Ref. 16 for turbulent boundary layers. Additional ex-

perimental data are needed to establish the veracity of the values so derivad. Nonetheless, this figure shows
that geometries having AO/A3 values greater than 4.6 would be expected to have separated flow at the sidenlate

crotch station even with 8 = 0°, A local separation would cause unwanted coupression and expansion waves and

/




At Ho = & for most scramjet enginc operating conditions there will be a normal shock preced’'1g rhe com-

istion (Jual mode operation) and since the ITS inlet is also attractive for use in the CRJ, it 13 useful to

tamine cond{tions corresponding to those with a normal shock located downatream of siation 3 with n> addi-

fonal diffusion. Figure 10 shows the total pressure recovery p; /pt for this family of inlets at '.“10 -4,
3 0

eximm values occur for & given Gc when the total turning of the flow ir the compression process is apprcd-

ately 40°. If there were no design consideraiio..s other than in)et recovery and drag on the porticn of the
orebody not wetted by the air captured in th. iniet, a cesign with § = 17.5° and 3 = 5° would be cptimum.
sreover, since the optimum occurs with inwvard tuining at the scoop lip. somewhat higher recovery could be
btained by curving this surface through the 5 degree turn. OCn the other hand, if the constraint to avoid
oundary layer separation is operative and 6: < 15°, a 10 lwwer inviscid recovery would have to be accepted.

At this point in the discussion all but a narrowv range oi geometries can be eliminated frcm further
onsideration. Four cases have been selected. Case A with 6‘: = 12.5%°, B = 0 is a conservative geometry, and
ase B with 6c » 15.0° B = 0° {s the optimal geometry for inlets without boundary layer control at a = 0°,
ases C and D with 6: = 17.5° and B = O and 5° are near optimal if boundary layar sepuration is not a problem.
‘able 1 lists inlet paraneters and flow properties f{or these HI-‘C = 6 design inlets at Mo =4, 5 6and 7. In
11 designs the scoop lip shock strikes the knee on the innerbody at a = O, Ho = 4, For !‘.0 > 4, the lip shock

2lls downstrean of the knee and a far wore compler wave structure exists in the duct. Whereas thesze flow-
ields can be obtatned using the computer routises shown in Fig. 5, a good approximation of iverage properties
t station 3 can be obtained with the assumption that the totsl pressure loss is the sum of the loss across
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Table 1

Inlet Parameters and Flow Properties for Four ITS MFC = 6 Inlet Geometries

Inviscid Flow

Case 6c B Ai/A3 Mo AO/A3 M3 Pt3lpt0 p3/p0 Ms, pt3'/pt0 p3./p0
Deg. Deg.

A 12.5 0 4.934 4 3.682 2.522 0,9245 7.938 0.511 0. 4531 57.6
5 4.305 3.140 0.8346 9.750 0.467 0.2427 110.6

6 4,934 3.670 0.7373 12,019 0,445 0.1356 186.9

7 4,934 4.232 0.6230 12,532 0,429 0.0712 259.7

B 15.0 0 5.881 4 4.297 2.280 0.8632 10.813 0,537 0.5113 63.8
5 5.040 2.828 0.7335 13,692 0.486 0.2789 125.5

6 5.811 3.272 0.6069 17.445 0.461 0.1570 215.0

7 5.811 3.744 0.4797 18,519 0,443 0.0828 299.7

c 17.5 4} 6.667 4 4,842 2.045 0.7886 14,598 0,570 0.5516 68.8
5 5.787 2,523 0.6235 18.632 0,511 0.3055 135.3

6 - 6.667 2.909 0. 4866 24,002 0.481 0.1728 232.9

7 6.667 3.314 0.3650 25.888  0.459 0.0913 327.3

D 17.5 5 7.160 4 5.200 1.806 0.6983 18.284 0.615 0.5656 66.5
5 6.215 2.259 0.5253 23,702 0.539 0. 3160 137.2

6 7.160 2,596 0.3883 30.929 0,504 0.1793 237.9

7 7.160 2.945 0.2762 33.823  0.479 0.0951 336.5

the conical shock and the loss across a scoop reflected shock thet would turn all of the flow to an angle
With the air capture characteristics given in Fig. 7 and the contraction ratio Ai/A3 set by MFC =6, all

properties at station 3 can be obtained., The trend of improving performance with increased compression tb
was previously shown at Ho = 4, 4is present for Mo = 5-7.

Whereas these results provide a basis for selecting the compression field, viscous effects must be in
troduced to define the geometry and provide a basis for proceeding into the combustor and overall engine ¢,
analysis.

Using flow properties from the inviscid flow solution as input for conditions on the edge of the boun
layer, the displacement thickness &* 15 obtained by one of several possible techniques (Ref, 17). All con
tours are adjusted by the local value of 6% and fully viscous solutions of the flowfield are made, &* s
adjurted and the process repeated until the core of the flowfield is approximately the same as that of the
initial inviscid analysis, For the asymmetric portion of the flow, e.g., in the internal ducts, §* varies
circumferentially as well as longitudinally., The resulting cross-sectional area Ag' the physical area, is

therefore defined. Additionally, the local static pressure in the boundary layer at a given location is tI
gsme as in the {nviscid flow. Superficially, it would appear that A83 and Pys together with the continuit

equation, could be used to define a set of mean flow properties that would be appropriate for a cycle anal
sis. 1 this is done, however, the deduced mean value of the total pressure is artificially low. In effe
the mean value of the momentum, which is directly related to the thrust, would not be well represented.

A more appropriate method, albeit more rigorous to obtain, 1s to calculate the mass averaged value of
total pressure P, s and with the local static pressure, p3, define an effective flow area A3e that also

satisfies the continuity equation., The resulting area lies between A3 and As3' A numerical example will
to clarify this point, Let us suppose that the viscous solution cf the flo-“.eld for Case A at MO = 4 sho
that (Ag/A)3 = 1.2 and that the profile in the turbulent boundary layer ca. be represented by u/u3 = (y/8)

For an adiabatic wall the mass averaged total pressure in the viscous layer is 59% of the value in the in-
viscid core, The resulting mass averaged total pressure for the entire flow 1is 83X of the inviscid value,
which leads tc P, /p: = 0,7689, (Ae/A)3 = 1.079, and a corresponding effective Mach number Me3 - 2,404,
3 0

These effective flow properties now become the values to be used in an simplified one-dimensional analysis
Accordingly, the conditionc corresponding to those downstream of a normal shock at station 3 are HS'e = 0,
p, /p, = 0.414,

)
Since the boundary layer parameters are dependent on the geometry, M , the altitude, and the wall

cooling of each case, each flight condition would produce a different A83 A3. At first glance it would ap

te.

that the geometry selected for one flight condition would not yield the compression fleld previously compu
at other flight conditions. However, it turns out that for a given geometry and altitude, s* 1s only weak
dependent on Mo, changing only about 102 from Mo = 4 to Mo = 7. Moreover, changes with altitude at a give

are also not too great, e.g., a 30,000-ft increase in altitude Z increases &* by about 20%. Mach number a
altitude also have only a small effect on the ratio of mass averaged total pressure to core flow total pre
sure., Thus, even though the boundary layer thickness, §, can vary by more than a factor of 2 over a typic
flight envelope, the changes in Ae/A are quite small. Thus, the design strategy is to base the geometry ¢
the conditions at the end of boost and accept the relatively minor changes in the flowfield at Mo > MEOB'




Table 2
Inlet Parameters for Four ITS HFC = 6 Inlets

Viscous Logsses Based on (AB/A)3 - 1.2 at MO -4

Case & B My My pafeg P /pp Ag/Ay g Mt Pear/Pg P /P,
. el 0 el el 0
Deg. Deg.

A 12,5 0 4 2,404  7.938  0.7689 3.414  0.9756 0,523  52.2 0.4140
£ 2.999 9.750  0.6771 3.992  0.9764  0.475  100.7 0.2224

6 3.512 12.019  0.5905 4,574  0.9774  0.451  170.9 0.1244

7 4.055 12,532  0.4943 4.5764  0.9772  0.434  238.4 0.0655

B 15.0 O 4 2,159 10.813  0.7148 3.960  0.9685 - 0.553  57.0 0.4624
5 2,688 13.692  0.5921 4.645  0.9684 0,497  113.1 0.2533

6 3.116 17.445  0.4825 5.356  0.9679  0.469  194.7 0.1433

7 3.571 18.519  0.3770 5.356  0.9672  0.449  277.4 0.0755

C 175 0 4  1.921 14,598  0.6493 4,425  0.9590  0.592  60.4 0.4920
5 2.380 18.632  0.4989 5.289  0.9560  0.525  120.0 0.2737

6 2.751  24.002 . 0.3825 6.093  0.9561  0.492  207.9 0.1553

7 3.141 25.888  0.2831 6.093  0.9557  0.467  293.8 0.0823

D 17.5 5 4 1.652 18.284  0.5531 4,604  0.9424 0,653  55.2 0.4840
5 2,081 23.702  0.3976 5.503  0.9397 0,564  115.8 0.2716

6  2.400 30.929  0.2865 6.340  0.9404  0.523  202.7 0.1547

7 2,731 33.823  0.199 6.340  0.9403 = 0.493  288.3 0.0824

1
Morecver, it is possible to adjust the inviscid flow results to values suitable for cycle caiculations by
obtaining only a few viscous flow solutious and applying a constant value of AE/A over a suitable raange of
conditions. The value of 1.2 for A33/A3 would be representative for engines of about two foa::diameter for
Cases B~D, as well as Case A at HEOB - 4, 2= 5,000 ft. Ae3/A3 would be different for each case, increasing
from 1,079 for Case A to 1.129 for Case D. Maintaining these values of AealA3 constant at highet Ho results

in effective flow properties at station 3, as shown in Table 2. The kinetic energy efficiency of the inlet,
an, at station 3 has been added to the Table since this parameter, rather than P, /pt » 1s generally used as
3 70

the basis of empirical correlations. For a calorically perfect gas, Ny and P, /pt are related by the
) 3 0 :

simple expression
I

X1 ' !

: , Kp%)v J ;
Np=1~-—=>—|1—2) .1 | $))
KE (DM 2L\ P, | |

|
The same trends with Mo that were present in the inviscid flow results are maintained, but a few addi-
tional points can be made. Total pressure recovery is lower but the effective inlet contraction ratio is
higher, Moreover, NKE is nearly icvariant with Mo for a given case. This result lerds credence to the
3 -
results of simplified analyses of performance that are based on holding L congtant.

There are many situations when the rigor of the foregoing approach is not warranted, i.e. for preliminary
engine performance evaluations. Reference 7 gives the details of a method that uses a strategy similar to
the one just described, viz. it is based on the premise of a uniquely defined effective inlet contraction
ratio. The method is based on an empirical relationship

-1 - o .
nxx3 1-0.4(1 Mealﬁo) (3)

and an inlet air capture ratio characteristic similar to that shown in Fig. 7. It is of interest to add the
"data" from Table 2 to the Figures from Ref. 7 as a further test of the adequacy of Eqn. 3. Figure 11 shows
that for inlets with high values of M.3IM°, e.g. Case A, Eqn. 3 yields an values that are somewhat high, but
3
the agreement improves at low MG3IHO. Note also the near independence of He3/l40 with MO for each of the
cases. Figure 12 from Ref. 7 shows the corresponding values of ;; /pt versusg Ao/Ae3, a1d to complete the
3 70

picture, Fig. 13 shows p3/po versus H3e/Mo. For clarity, the values from Table 2 have not been added to
these figures,

The design feature of the ITS inlet that remains to be substantiated is the favorable inlet air capture
characteristics at angle of attack at Ho > HCR' Figure 14 shows this effect for the Gc = 15° conical fere-

body, symmetrical ITS inlet with four scoops, each having a smile angle y of 45°. Curves of air capture are
shown for three values of the roll orientation angle ¢ of 0°, 22.5° and 45°., The decrease in air capture of
< 92 at @ = 10° in the least favorable roll orientation is remarkably small.
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COMBUSTOR ANALYSIS

Treatment of the combustor of the scramjet varies in complexity from relatively simple, one~dimensional
integral solutions to relatively complex finite difference solutions that include wall shear and non equili-
brium chemistry. The key to the successful adaptaticn of any of the theoretical descriptions of the combusta
flowfield is the adoption of models that take into consideration the ever growing base of experimental obser-
vations. The schematic 1llustratjon of the combustor flowfield shown in Fig. 15 will help to develop this
point. The combustor is a simple diverging cone frustum. The qualitative features of the flow for other
diverging shapes such as those containing step increases in area just downstream of the fuel injection statio
are the same, but the details of the flow are different and must be considered even in a simplified integral
analysis. The subsequent discussion will show that constant~area or converging shapes are not practical for
the types of missile applications that have been postulated.

For all but the highest Mach number and lowest equivalence ratio conditions, the blockage due to the
combined effects of the injection and heat release generates a "shock train" disturbance that originates in
the isolator section and extends downstream of the injection ports into the combustor. In general, the presg-
ssure rise associated with the shock train is sufficiently great to separate the boundary layer. In a well
designed engine, the isolator is of sufficient length to prevent the combustion-induced disturbances from

s
s . -
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. disrupting the flow in the inlet. Generally, combustors with step increases in area require less Zsolator

* length because the strength of the shock train is diminished. Downstream of the shock train mixing and

: combustion are intensive, with large radial, axial and, perhaps, circumferential gradienu.s in flow properties
and chemical composition, Further downstream, the mixing and combustion is less intense and the gradients are
considerably weaker, and the flow can be reasonably approximated by one-dimensional mean flow properties at

each axial station,

A similar shock train structure can be generated in a duct of this shape by placing a physical blockage,
such as a partially closed valve, downstream of the duct, or by simply increasing the back pressure in a
direct-connect testing apparatus. Several investigators have exploited this fact to study the shock train in
an unheated, nonreacting air stream that is more conducive to measurement. In pariicular, Waltrup, et al.
(Ref, 18) made sufficient measurements to modei the pressure rise over a range of conditions typifying those
N . in the entrance of the scramjet combustor. Figure 16 from Ref. 18 is a data correlation that shows that the
shape of the pressure rise curves for various pa/Pb values of 1,6 to 6.9 with initial Mach numbers of 1.53 to

cm.e

8.0 ' T T T
(Mz2 ~ 1) Reg™
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;’ ) Fig. 16 Normalized pressure distributions in shock train
) . fiow structures.
L}

2.72 can be collapced to a single correlating curve, Here, P is the preasure downstream of the shock train

and P, is the initial pressure. The correlating equation is

.(“ 2 _ l)Ree l/b

4

-so(%:-1)+17o(2—-1)2 (%)

1/29 1/2 P
Dl‘ 91' "4

Equation (4) can be used to obtain the total length of the shock train s, shown in Fig. 15 for given shock
! pressure rises and then used tc find p = £(s). The nondimensionalizing length scale of (n‘/ze"’)a wasg based

on a regression analysis of data taken ovar a limited range of these parameters and could, therefore, ve
subject to revision with the compilation of additional data. Until additional experiments are conducted, it
{ is necescary to use the hydraulic diameter in place of D“ for isolators having non circular cross-sections.

. Experiments are currently underway (Ref. 19) to develop similar data correlations in co-annular isolators
i typified by Fig. 4e. The overall pressure ratios in Fig. 14 correspond to a range of shock strengths equiva-
3 lent to either oblique or normal shocks. It has been found that the mean value of other flow properties down-
a ﬂ stream of shock trains correspond to conditions downstream of the equivalent single shock. This suggests tha
i wall shear contributes only a small part to the total pressure loss in this strongly coupled viscous-inviscid
) interaction zone. The static pressure distribution downatream of a shock train depends on the dunt shape and
b on whether the flow is separated at the end of the shock train. In separated zones the pressure would be
nearly constant. For attached flow in constant area or diverging sections and subsonic in'tial conditionms,
the pressure decreases monotonically. For supersonic initial conditions end either constant area or very
small divergence the static pressure rises sligltly, but in the geometries of most interest that have moderat
‘ ’ divergeunce, i.e., area ratios of about two, the pressure decreases monotorically.

CaTEIaA_ A AP AT S,

\

Combustor analysis based on integral sclutions of the x momentum equaticn require that the wall stress b
well posed. Therefore, it is evident that not only must the shape of the pressure rise in the shock train be
known, but its position relative to the fuel ports must be defined.

In Ref. 10, the relationship

Vel e et e AT LT e e s v AT L il R A% B

p
129 1/2 8 _
sd/DA 64 0.5 (;z 1) (5)
was derived from hueristic arguments and limited data to define the distance, sd, that the shock train extend

downstream of the fuel ports as shown in Fig. 15. Thus, for a given set of initial conditions Mé' 94. Ree
4

and the shock train pressure rise pa/pA. the pressure distribution to the end of the shock train or the re-

= s & 2. 4TV
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attachment point is defined. No ambiguity exists if a step increase in area 1s present because the pressure
is given as a function of x rather than A. Downstream of the shock train, it turns out that the pressure
distribution can be well represented by a pressure-area relationship first suggested by Crocco (Ref. 20) if
the area is taken as the local cross-sectional area of the duct. Crocco noted that the relationship

pAE/e-l = constant, where € is an arbitrary constant, eazbraced the particular solutions: 1) € = 1 corres-
ponding to the Rayleigh process, i.e., one-dimensional constant area heat addition, and 2) € = Q0 corresponding

to constant pressure process. Reference 21 added to the attributes of this formulation by noting that € = -yM

corresponds to 2 one~dimansional heat addition with constant Mach number.

Note that the assumption of the wall pressure distribution does not require unidimensionality of the
flow, but the association with the corresponding one-dimensional flow having the same value of € can be in-
formative. It is particularly important to grasp this point 1f one is to use integral techniques effectively.
For a given set of conditions (not necessarily uniform) in a starting plane and heat release, there is a
unique set of unidimensional properties in the exit plane for a given total force and heat flux on the boun-
dary (the combustor wall in this case), regardless of the path of the process. The total axial force on the
wall is the difference between the integrated pressure on the projected area and the wall shear. Thus, a
given solution of the integral equations is valid for an infinite number of combinations of axizl pressure
force and wall shear, To uxploit this reality, one needs a shear model for reacting ducted flows. Although
considerable progress has been made in the development of analytical models (see e.g. Ref. 22), these efforts
have not progressed to the poirt of practical application; consequently empirical correlations still must form

the besis of scramjet combustor analyses,

In Refs. 9 and 23 heat flux data from six different supersonic combustor geometries, with both gaseous
and liquid fuels and Hk from 1.6 to 3.2 were correlated and ugsed to obtain a deduced combustor shear para-

— - 2 o o= . -
meter, Figure 17 shows this shear parameter Cf - ¢T"/pbu4 ZTw (A“/waua) versus Exeff' where T, {8 the mean
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Fig. 17 Combustor wall heat transfer and skin friction coefficient
as a function of equivzlence ratio.

shearing stress, ﬁ. the weight flow of air entering the combustor. Here, EReff - ER*nc for typical liquid
hydrocarbon fuels and nc is the combustion efficiency. The form of the parameter was intentionally selected

to enhance combustor calculations by giving the mean value of shear in terms of combustor inlet conditions.
Preliminary results from the aforementioned theoretical analysis confirm the quaiitative trend of increasing
shear with increasing heat release.

With this modeling of the wall stresses the solution of the integral form of the conservation equations
can be carried out. In particular, the x momentum equation can be expressed as

x=X X=X X=X
t e p.A 5
ee T - 2, - 2
/ Plhe * f piky ¥ (0] Pshs - (P-:.“:) "a“"} i f Tydhy = Pshs * PgIsTAg = PuAL = P TA, - Peug A
x=0 x=x, x=0 6)

wvhere the subscript 5 refers to conditions at the combustor exit, subscript e to conditions corresponding to
the point where the pressure variation with area can be represented by the Crocco parameter and subscript f
refers to thz fuel. For normal injection, the fuel momentum term is zero and for other injection angles the
term is small and usually is neglected. In all of the data that have been examined to date, either Ry = Xg»

i.e., imediately following the shock train the pressure-area distribution can be represented by € = ¢ procezss
or A = A, i.e., the downstream end of the shock train 1s in a constant area section. Thus, the second
integtal fias been set = ¢ in the analysis of data currently available. In the latter case, it still would be
necessary to relate Pg to LR to obtain solutions rigorously, but considering the approximate nature of the

shear modelling, P, 18 frequently taken equal to Pge With these assmptions, a set of initial conditions,
including the fuel specification (atom balance, flow rate and enthalpy) and a valve for ng and s procedure for
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relating the state variables, the integral form of the conservation equations can be solved for selected
values of pa/p « Generally, local thermodynamic equilibrium is assumed at the combustor exit, where the
composition is assumed to be products of combustion at EReff - nc ER and unreacted fuel in the amount

(1 - nC)ER. References 24 and 25 provide the basis for computing the state relationships. Of course, the

application of this analysis is limited to either the determination of the global heat release and combustor
exit conditions given a wall pressure distribution or the prediction of the wall pressure and exit conditions
given an assumed heat release. If neither the heat release nor the pressure distribution is known a priori,
then suitable kinetic rate equations must be introduced and solved simultaneously with the aforementioned
congservation equations, A discussion of this subject 1s beyond the scope of this paper. Conversely, if botrh
the pressure distribution and the global heat release are known from experiments, the veracity of this analysis

can be examined.

Equation (6) can be simplified to

2 2
PcA p.A PcA peu p,u -
(1—5)55-(ee)-55(1+55 -1+—-‘i—"—)-z (
Pihy  \PAJ] PAy P Py
where
2 X=X X=X 2
Pgug A p (A po4fa 7 P A (8
Z = + d " + d i 2 cf ? A
PLA, P, 4 Py 4 6 A
x=0 x=x,

and the procedure for obtaining all terms in Eq. (8) has been described.

For a glven combustor and shock train pressure ratio, '“~re are two solutions for every fuel flow rate,
one of which can be eliminated because either the pressure increnses downstream of the shock or the second law
of thermodynamics is violated, or both., In effect then, fo- a given heat release there 1is one candidate
golution for each value of palpa. and an additional constraint must be imposed to yield a unique solution.

Reference 26 introduced the constraint (aplaA)e_c - (aplaA)s_c as A~ AS and (th/Tt) + 0, which simply

states that the slope of the pressure area relationship for a constant € process at the combustor exit, where
the derivative of the total tempvrature approaches zero, should be equal to the slope of an isentropic pro-
cess, More rigorously, the slope should match that of an adiabatic process that includes wall shear. How-

. ever, if the shear terms are adu>d, no simple analytic relationship has been found, and indeed, when typical

experimental results are examined, the effects do not significantly affect this constraint.

With this constraint the additional condition
2 .
1/2 Y.M
€ 55
M, = ———(—_—5-] or € = [—-‘—"‘— 9
5 [e + Y4(1-€ 14+ (Y—l)Hsz
must also be met, and a unique solution for each heat release can be obtained. That is, there is a specified
shock train pressure rise for a given heat release. This result represents an analogous situation to the well
recognized thermal choking point in a Rayleigh heating process. Reference 21 gave the name "entropy limit" to
solutions of the conservatiun equations that were so constrained. One caveat remairs, viz for low area ratio
combustors and high heat release rates, the solutions to the equations would yield shock train pressure rises

which would exceed that of a normal shock. For those cases, the slope constraint is relaxed, the normal shock
pressure ratio is held, and the combustor exit Mach number, MS' is permitted to decrease. The limiting heat

release for a combustor operating in this mode corresponds to HS = 1. Analysis of free-jet tests of scramjet

engines verifies this mode of engine operation.

The steps in the procedure for determining the wall pressure distribution, wall shear and flow properties
in the exit plane for a given combustor and heat release rate are as follows:

1) The shear term in Eq. (8) 18 computed directly using the relationship from Fig. 17, A , and the
initial conditions. w

2)  An initial value of ps/p4 is estimated from previous calculations or from a calorically perfect
solution, which will subsequently be discussed.

3) Equation (5) is solved for 843 then Eq. (4) is solved for 8, and values of p/p4 ve X in the region
x= 0 toxm= 8, ~ 8y These values, together with the geometry of the combustor, permit the evalua-
tion ot the left hand integral in Eq. (8) and define Aa/Aa.

4) The energy, continuity and state equations are combined to obtain pSASIPAAh which, for fluids that
can be treated as calorically perfect at a given flow station, yilelds

z,x/z T
P Ag M, (Y,m 2[4 YD, (__ti)_ k / 10)
2 2 2 (14f) o2t - 2 T _ 2y1/2
P, A, M5 Ysm, 2 + (Y5 1)H5 t MS[Z + (75 l)M5 ]

5) Equation (9) is substituted into Eq. (7) and set equal to Eq. (10) tc yield

P A k,¥e M
. S {[1 + (75-1)u;] A+yp?+n - —233 (11)
Ps A (1M D) (2 + (yo~1)M.2)

e 5 5 5
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For cases where P, ~ P,» as has been observed in many experimzntal resulis, the computed value of -
pelpa is compared to the initially selected value of ps/pé, a new value assumed and steps 2 through F
5 repeated until the suitable agreement is reached. When Py ¢ P and the values are known a priori 'j
and A8 -\Ae. the above matching is carried out for the known value of ps/pe, which could simply be :
. an iterant in a ps =P, solution. When Py ¢ P and the respective values are not known a priori, )
B or if Ab ¢ Ae' or both, a joining process is required. The joining process ngcessitates the adop- ::
tion of an additional constraint, viz, that the flow at stations s and e can be represented as X
unidimensional at those stations. Aga’n, the integral method does noc require one-dimensional flow o
between these stations, Between stations s and e it is again assumed that the pressure distribution ;
N can be represented by another value of the Crocco parameter, i.e., €. Solutions can now be found -
for any other imposed constraint within limits. For example, it could be assumed that the variation "
in heat release 1s known as a function of disftance or residence time, thereby the values of Tt /Tt
8 e 5
would be known. Solutions for the upstream portion, i.e., from 4 to s would be joined to the down~ K
stream portion, i.e., from s to e by an € = constant process, and from e to 5 by an € = constant N
- process, -
6) For the converged value of pe/p4 and the corresponding values of Hs and Ys» Eq. (7) 1is solved for € -
and . . ;:
"
£ £ £ k
€-1 €-1 €-1 ;
Bé. - fi .P_‘. - .?E (f&) - _Ee_ (f&) (ﬁﬁ) 12 K
Py Pe Py PyulAs Py \Ay As 4

7)  For cases where the converged solution for ps/pa ylelds a value greater than that corresponding to a
5 normal shock at station 4, the normal shock pa/pb value is held, and the constraint imposed by Eq.
e (7) ie relaxed. A value for MS less than that corresponding to the entrupy limit case is assumed,
and Eq. (10) 1s solved for ASPS/Aépa’ which 18 substituted into Eq. (7) to find € and into Eq.
(12) to obtain a calculated value of A5/A4, which is compared to the actual AS/AA’ The process is
repeated until convergence is obtained or the limiting value of Ms = 1 1s re-_ hed.

eTe 2 v v mmwme 3

Results from this analysis are peculiar to a particular combustor and operating conditions. On the other
hand, a number of important qualitative features ¢f the analysis can be examined by considering the idealized
case of a calorically perfect gas with y = 1.4, and neglecting shear and the mass and momentum contributions
of the fuel. Figure 18 shows a typical set of solutions for the case of H4 = 2.5, 8, ~ 84" 0 and Py = P,

The solid lines show the ps/p4 values as a function of the combustor area ratio for the entropy limit solu-

tiors at selected shock train pressure ratios of 1, 2, 4, 6 and 7.125. The dashed curves for us values of

1.0, 1.2, 1.4, 1.6 and 1.8 are solutions that correspond to the normal shock pressure rise, p'/p4 = 7,125 but

e L v v s . g -

M, = 2.50
=14
Tw=0
40 =T T T T T ‘ .
T~o
3.0 ~ -
-~ - Mg ,
—
~« NORMAL \~= - i
20 SHOCK ‘1-°~6~ :
- ~ _SOLUTIONS 7 9 !
>~ 1.2

O -
o O

o
on

COMBUSTOR PRESSURE RATIO Pg/P,
o
>

10 15 20 25 30 35 40
COMBUSTOR AREA RATIO Ag/A,

Fig. 18 Combustor exit pressure ratios for selected haat release rates.
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with the slope constraint at the cowbustor exit relaxed. Superposed on thzse golutions are curves corres-
pondiug to total temperature ratios of 1,5, 2, 3, 4, 5 and 6. For all AS/AA > 1, Ps < Py» but this does not

preclude the posaibility of pressures within the combustor being greater than P In fact, if the combustor
comprised a cylindrical or slowly diverging area section followed by a more rapidly diverging section,
P> Pg would be expected,

The distinction between solutions resulting from this modeling and those for flows that are constrained
to be unidimensional throughout is clearly evident for the particular case of 4 /Aa = 1. As shown in Fig.
18, the pa/p4 = 1, 2 and 4 curves intersect the ‘5/A4 ~ 1 axis at pslpa = 1, 2 and 4, respectively. Upon

closer examination it can be shown that for all values of ps/pa_i 4.0625, Ps = Pgs wherezs for all values of
ps/pa > 4,0625 there are no solutions at AS/A4 w» 1, It can be rigorously proved that every combustor exit
solution of pslpa < 64,0625 corresoonds to an end point state on the supersonic leg of a Rayleigh heating
process, i.e.,, a one-dimensional frictionless heat addition process in & constant area duct. Moreover, the MS

values are identical to those of the corresponding Rayleign heating process. However, from Zq. (9) the slope
constraint at station 5 requires € > 1 for HS > 1, From a phynical standpoint, this would imply that for all

Tt /TT < 1,4083, the value corresponding to pS/pA = 4,0625, Hs = 1, shock trains having strengths corres-
5 .74

ponding to single oblique waves would be present and not the shock-free all supersonic Rayleigh process. Note,
too, that these results would also hold for cases where the shock train extends into the duct as long as wall
friction is negligible. When wall friction is included, the same qualitative features are present, but the
values of pslpa and ps/pa shift for given values of T, /Tt . Also note that as AS/AA is increased slightly

4
above 1 in the wall-shear-free case, solutions for pslpa up to the normal shock value at M“ are possible, but

pslp4 is always < 4,0625. This can also be seen in Fig, 19 where ps/pa instead of ps/pa is the ordinate.
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Fig. 19 Pressure ratios across precombustion shock train.

Curves for constant '1‘t /'I‘t values from 1.1 to 2.6 are given in Fig. 19 as f(As/AA' ps/PA) for solu-
5 74
tions constrained by the slope condition at the combustor exit. For values of T, /Tt < 1.4083 the curves
i I
intersect the ASIAA = 1.0 axis and, indeed, there are valid solutions for A5/A4 <1, i.e., for combustors

with converging areas. The curves for T, /T: > 1.4083 are cusped at ‘s"a + 1, i.e., there are also
5 4

solutions for AS/AG <1, and those T, /'l‘t curves also become asympotic to the AS/AA = 1 axis. Overlaid on
5 4
this grid are-dashed curves for constant MS values of 1.1 to 2.5. The entropy limit solutions for ps/pa -

7.125 are limited to & maximum Tt /Tt w 2,813 for combustors with ASIAA < 4, However, if the exit slope
5 4 -
condition is relaxed and HS is permitted to equal unity, the maximum Tt /Tt is 6.293.
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Figure 20 shows the important effect of combustor area ratio on the total pressure recovery in the heat

addition process, P /pt « Curves for total temperature ratios Tt /T: of 1, 1.5, 2, 3 and 4 are shown.
5 "4 5 "4 -
Points to the left of the dashed line correspond to entropy limit solutions and thoce to the right of the

dashed line are for shock trains with normal shock pressure ratios. The Tt /'It curves terminate at Ms -1,

4
For Tt /Tt curves decrease rapidly with increasing ASIAA’ but reach a minimum at Hs slightly

5 74 4
> 1. Whereas larger values of A5/A4 permit more heat to be released, the expense in total pressure loss is

more heat can be added in a given ASIAA combustor as Ha increases. As

> 1, the Pt5/pt

insignificant, For the same T, /T
ty T,
shown in Table 2, M, = M__ increases with M_, but T_ /T _ decreases with M, for a given ER, which is, un-
4 e3 0 ts t, 0

fortunately, the opposite of the desired trend. For this reason the designer generally selects the smallest
possible AS/AA that provides sufficient thrust to climb out at HEOB and then accepts the loes in P /pt that
5 74

occurs at Ho > HEOB where AS/AA is greater than the optimal value.

Similar curves to Figs. 18-20 can be generated for values of Z ¥ 0 (Eq. 8) to provide & means for
asscssing the effects of shear, combustor shape and of the shock train extending into the combustor. Of
course, for a precise calculation, the actual properties of the flow at the combustor entrance, the fuel type
and injector configuration, etc., must be known, together with the appropriate state equation and solutions

must be done on a computer.

As previously stated, when the bulk value of the heat release is known, experimental measurements can be
compared to the results of this analysis. Over a period of about twenty years at the Johns Hopkina University
Applied Physics Laboratory, bulk heat release rates have been obtained from a steam calorimeter attached to
the exit of supersonic combustors. One ¢f the first reported experiments (Ref. 21) remains as a benchmark to
index the veracity of analytical solutions due primarily to the atypical test configuration. In this test,
the boundary layer of the incoming air was removed just ahead of the fuel injector ports (see Fig. 21la), thus
providing the unique aituation where the shock train can collapse to a simple ncrmal wave as sy + 0. For the

BReff = 0.424 with hydrogen fuel and combustor entry conditions of HA = 1.95 and 'rt = 2188°R, the foregoing
4

analysis would predict a normal shock-entropy limit solution. For this AS/AA = 2.28 combustor using a value

for Z in Eq. (8) deduced from the measured heat trens{er and a modified Reynold's analogy (see Ref. 23), the
entropy limit solution corresponds to € = 2,004, ps/p4 = 4,28, pslpk = 0,835 and Ms = 1.676. Figures 21b and
c show the excellent agreement between theory and measurement of the wall static and combustor exit pitot

pressures p and exit Mach number deduced from p. and p .
to 5 oo
In all other available experimental data there has been a boundary layer of finite thickness at the
combustor entrance, thus it has been necessary to compute 8y 8 and p = f(x) fromx= Q0 tox = 8, =~ By

Figure 22 compares measured and computed wall pressure distributions for three different combustor geometries
(see Refs. 9 and 10 for details). In each case MA’ 0“, Db and A5/A4 are 3.23, 0.0146 in, 2.74 in, and 2.0,
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a) Schematic of test apparatus.
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¢) Experimental and theoretical combustor-exit profiles.

b) Experimental and theoetical combustor pressure distribution.

Fig. 21 Comparison of experimental measurements with theoretical
snalysis for combustor with normal shock at entropy limit.

respectively, Since these data were used to obtain the empirical relationship for 84 given in Eq. (5), the -

positioning of the shock train with respect to the fuel injectors is reasonably well represented., Some
changes in the theoretical pressure distributions from those presented in Ref, 10 have been made due to the
improved modeling of the "2'" term in Eq. (8). For the conical ccmbustor, no joining process is warranted
since it appears that station s and e are about coincidental. Ir the short cylinder-cone and the step cylin-
der cone, the constant area sections necessitated a joining procedure to complete the theoretical analysis.
In the absence of any well posed theory or experimental correlation, the simple assumption of a linearly
increasing total temperature with distance was assumed to hold between the shock train and the € = ¢ region.
This zone is so short in the short cylinder case that no judgment on the appropriateness of the modeling can
be made. In the step cylinder cone, both the analysis and the experimental pressure distributions show that
the flow 13 “overcompressed" with respect to the duct area by the shock train, i.e., the effective cross-
sectional area of the flow 1s smaller than the duct area at stacion s. The theoretical pressure distribution
in the joining reginn was based on the assumption that the total heat release was evenly split between the
cylindrical and conical stations and station e was located at the entrance tv the 0.7° half-angle cone. With
these assumptions, the pressure is predicted to decrease by about 10-15% in the constant area section,

A much larger data base will have to be analyzed before any conclusive arguments can be made to improve
the modeling. Nonetheless, the general agreement between theory and experiment is considered to be quite
good.
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Fig. 22 Comparison of theoretical and experimental wall pressure distributions in supersonic combustors.

Since ir the design of a fixed geometry engine AS/Ak must be specified, a procedure for selection must be

developed. Each application imposes different constraints, e.g., the availlable length will directly affect
the combustor wall shear, whereas a change in combustor area ratio may or may not cause a change in the
allowable fuel volume, therefore there is no one design strategy. Nonetheless, some of the steps in the
process that can be general’zed are as follows. ’ .

Generally, as mentioned, the maximum thrust requirement occurs at HEC)B' and AS/Alo is selected to meet the

requirement and provide some margin to assure that the missile will climb out and accelerate when anomalous
conditions arise. However, an overly conservative value for AS/A[‘ is not a judicious choice, because pro-

vision for additional thrust margin invariably leads to engine inefficiency during cruisze. The following
example should help clarify these points. Consistent with the general nature of this discussion, the sim-
plified assumptions that were adopted to develop Figs. 18-20 are the basis for the curves shown in Fig. 23.
Here, the maximum values of 'l't /'1‘t for the normal shock, MS = 1 1imit are shown as a function of M[‘ for

4

5
values of AslAa o= 1 to 3. The aforementioned trend of increasing ('I‘t /Tt ) with increasing H4 is
5 "4 max
characteristic of all of the AS"AA curves, Overlaid on these curves are curves drawn through points corres-

ponding to the combustor requirements fo. *the four IT5 inlets (Cases A through D) that were previously dis-
cussed (Table 2). Here, Ml. = “e3 and the vaives of the required 'l‘t /Tt assume that the engines are opera-
5 4 :




L ar 4

40

MP;RATURE RATIO (T\S/T!‘)MAX
w
o

»
o

MAYIMUM TOTAL T

1.6 18 20 2.2 24 23 2.8 0 3.2 3.4 3.6 38 4.0
COMBUSTOR ENTRANCE MACH NUMBER M,

Fig. 23 Maximum total temperaturs in diverging combustors normal shock pressure rise, Mg = 1.

ting in the tropopause with To = 390°R and that the fuel is Shelldyne H (RJ-5) with a heating value of 1’
Btu/lb- and a atoichiometric fuel/air ratio (ER = 1) of 0.07284, The required T: /Tt values are based ¢
5 "4

real gas in thermodynamic equilibrium, but all other parameters are consistent with the simplifying asswu
tions of a calorically perfect gas with 74 - YS = 1.4 and no mass or momentum of the fuel.

The open symbols are for Tt /'rt values that correspond to ER » 1,0. The required As/Aq vary from 2
5 4 ‘
2.55 at "0 = 4 to below 1 at Ho = 7 for this ER. The solid symbols are for ER = 0.5 and the required ASI
are correspondingly reduced, varying from 1.58 to 1.91. To .ize the combustor, the thrust requirements

would have to be known, but in this example it is assumed that at M = MEO =4, T, /T, = 2.5. The corr
0 B te tk

ponding ER would be 0,639 and the values of ASIA“ for the four engine designs are listed in Table 3. For

maximum acceleration in the climbout, the fuel control could be programmed to increase ER to the allowabl

limit as "0 increased. This would occur st Ho from 4.3 to 4.4 for the four cases. In this example, it

is also assumed that the engines would accelerate at ER = 1 until HG - HCR = 7 at which point they would
be throttled back to ER = 0.5 for cruise,

With A5/A4 and Tt /'rt specified, solutions can be found for each set of Initial conditions. Result
5 . .

from these calculations are summarized in Table 3. At HO = 4 all cases correspond to normal shock pressu
rises with Hs =1, As Ho increases, Hs also increases until a conditicn is reached where it is possible

obtain an entropy limit solution. Normal shock and entropy limit processes are labeled N.S. and S.L., re
spectively, under "Type" in Table 3. For all points other than Case D at "0 > 6, the static pressure at

combustor exit is higher than it 1s prior to the shock train., In the absence of a more detailed analysis
th~ viscous layer at station 5, it is usually assumed that (A/Ae)s = (A/A‘)‘. This agaumption was made t

obtain the values of AOIA.5 shown in the Table. Total pressure recovery in the combustor, P, /pt s incra
5 "4

as the inlet compression {ncreases because the beneficial effcucts of reduced inicial Mach number more ths
compeansate for the detrimertal »ffuct of larger AS/AA' Conbining the pressure recovery in the inlet witl

combustor results in the values of P, /pt shown in the last column. An extremely important trend is shc
5 0
in the values of P, /pr « Casn C v'elds higher total preasure recovery than Case D, even though there 1is
5 0
less compression than for Case D, Thue, ttare would be no reason to sclect D and exacerbate the possible
problems of boundary layer separat-ons due to shuck reflections {rom the imward turning scoop inlet. The
rarking of Cases A, B and C mus< aiso take into consideration forebody forces and additive drag before a
final ranking can be established.
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Table 3

Combustor Parameters for Four Engines with ITS HFC = 6 Inlets

Case M) A/A, M, ER Type® T's/T‘a LS W € pgle,  Ay/A ptslpta P‘slp‘o
A 4 1,717  2.404 0.639  N.S. 2,500 1.000 6.58  3.12 2,968 1.989 0.3819 0.2936
5 " 2.999 1.000  S.L. 2,241 1.479  9.33 1,63 2.467 2.329 0,2396 0.1622

6 " 3.512 1.000  S.L. 1.805 1.799  6.64 1,97 2.215 2.665 0.1638 0.0967

7 " 4,055 1,000  S.L. 1.463  2.342  4.40 2,40 1.744  2.665 0.1427 0.0705

7 " 4.055 0.500  S.L. 1.290  2.773  3.00  2.64 1.258 2.665 0.2005 0.0y21

B 4 1.822 2.159 0.639  N.S. 2,500  1.000  5.27 4,05 2,378 2.174 0.4489  0.3209
5 " 2.688 1,000  N.S. 2,241 1,493  8.26 1.70 1,925 2.580 0.3059 0.1811

6 " 3.116 1.000  S.L. 1.805  1.793  5.80  1.97 1,715 2.941 0.2230 0.1077

7 " 3.571 1.000  S.L. 1.463  2.292  3.84 2,37 1,361 2.941 0.1994 0.0752

7 " 1,571 0.500  S.L. 1.290  2.675  2.67  2.59 1,006 2.941 .0.2672 0.1007

c 4 1,95 1,921 0.639  N.S. 2,500 1.000  4.24  6.3% 1.871 2,255 0.5117 0.3321
5 " 2,380 1.000  N.S. 2,241 1,478 6.44 1,85 1,503 2.707 0.3773 0.1882

6 " 2.751 1.000  S.L. 1.805  1.800  5.04  1.98 1,298 3,119 0.2961 - 0.1133

7 " 3.141 1.000  S.L, 1.463  2.249 .38 2.3% 1,051 3.119 0.2677 0.0758

7 " 3.141 0.500  S.L. 1.290  2.583 2,40  2.55 0.798 3.119 0.34623  0.0969

D 4 2,15 1.652 0.639  N.S. 2,500  1.000  3.02 44.56 1.377 - 2.129 0.5674 0.3138
5 " 2,081 1,000  N.S. 2,241 1,477 4,89 2,08 1.117 2.555 0.4467 0.1776

6 " 2.400 1.000  S.L, 1.805  1.827  4.31 - 2.00 0.931 2.940 0.3814 0.1093

. 7 " 2.731 1.000  S.L. 1.463 2,223 2,97 2,32 0.774 2.940 0.3511 0.0701
‘ 7 " 2,731 0.500  S.L. 1.290 2,509  2.16 2,51 0.603 2.940 0.4279 0.0854

#§.S. = normal-shock processes; S.L. = entropy-limit processes

Solutions for the flowfield in the combustor based on the use of finite difference solutions of the
diiferential form of the conservation equations are also in an active state of development. The deficiencies
in these techniques are in the formulationa for modeling turbulence and kinetics and in incorporating boundary
constraints that are not in opposition to experimental observations. indeed, it has been found that the most
'succesaful approach haz been to impose a wall pressur:z distribution govermed by the foregoing integral analy-
sis. References 13 and 27 Jiscuss this methodology for the particular case of the DCR engine cycle. The
practical limitation of the cost of the computations still precludes the use of the finite differerre approach
,as an effective design tool, but the value of having the capability to examine the entire flowfield in detail
for a few selected cases cannot be underestimated, As reductions in the cost of CPU time accrue and better
‘techniquea for adaptive grid point spacing evolve, these techniques will play an important role in design.

i NOZZLE ANALYSIS

. The analytical tools that are required for the design of the exit nozzle and the analysis of the flow-

: fields for the supersonic combustion engine are not significantly different than those for the CRJ. The
"principal difference is that the throat station in the converging~diverging nozzle provides a reference plane
in which sufficient constraints are present to describe the flow properties, albeit with certain assumptions
regarding the chemical composition of the gas. In the acramjet, the distinction between nozzle and combustor
can be obscure and as the previous discussion suggested, station 5 can, in fact, change with changing con-
ditions at the combustor entrance. Moreover, siznificant gradients in flow properties in the initial plane

are much more likely to be present in the scramjet.

As in the case in the combustor, both integral analyses and finite difference techniques have been
developed. Emphasis shifts from properly modeling the mechanisms that contribute to the losses in total
pressure to adequate representation of flow angularity, csspecially in the nozzle exit plane. The greatest
deficiency in nozzle flow analysis, as in the combustor, is in the modeling of the chemistry. In the com-
bustor the processes during the early phases of reactions, e.g., chain breaking,cause the greatest diffi~
culties. In the nozzle, modeling of the recombination reactions and,in the case of some specialized fuels,
phase changes of metal oxides are problems,

Much of the work in the development of useful design approaches based on finite difference techniques is
still in progress, but Refs. 31 and 32 give some insight into these methods. The integral analyses are at
present quite rud'mentary. Givea & unidimensional representation of the flow at atation 5, calculations of
isentropic expansion corresponding to the effective nozzle area ratio AGIASQ are made for two cagses: one

assuming thermodynamic equilibrium and the other assuming a constant chemical composition "frozen" at station
5. Two empirical constants, r and nN. are then introduced, the first to account for the loss in nozzle exit

stream thrust that is attributable to finite rate reactions (and phase changes) and the second to account for
friction, divergence and non~uniforaity. Thus,

§, =n,lc§ +1-1F, 1) 13
6 " "™ Ve, 65z (3

where

g = Pghg * Pgughs ' (14)
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and typical values are r = 1/3, g 0.97-0.99. An adequate data base to substantiate the validity of this
modeling has not yet been forthcoming,

With 36 defined, the thrust and net engine force can be determined for specific values of Ai/AR, wher
A.R is the frontal area of the engine. In Fig, 14, P = 45° for each of four inward turning scoop inlets,
thus AilAR = 0.5. By changing either y or the number of scoops, or both, Ai/AR can be varied with an upper

bound that is governed by starting. The relative performance of engines corresponding to Cases A~D can be
obtained by examining a single value of AilAR' e.g. 0.5, and then the effects of changing Ai/AR can be

studied independently.
The thrust coefficient is given as
1 2 [P 2
Cp = —— 13, - % -P(-A)]'——'{"—(l*'YM)-l]—Z
y quR[a 0 ~ PolAr%o v, [P 6

and the drag coefficient due to the pressure acting on that portion of the conical forebody not wetted by
the air captured in the inlet is

(e o) 2)
¢, = 2—(=-1lfi-2 Q
D YMoz (PO AR

The additive drag for MO < MFC is given as

Q1

i

YMw1gin(Bw-ww)cos¢w] ) 1} Ao
A

2 (P [ :
C P A - B -2 -— @
DADD Y“oz Py sin Bw 1

Therefore, the resulting net force coefficient is

€ = ¢ = % = Cpamp ¢
Table 4 lists the Mach number and pressure ratio at the nozzle exit plane and the calculated force co
efficients for Cases A-D. Again, for clarity, the simplifying assumption of Yy = 1.4 was adopted, thus r =

and nN wa3 taken as 0.985. At HO = 4, the exit pressure is gsomewhat below the ambient pressure, but the
values are not low enough to suggest separation in the nozzle. The gross thrust coefficients, CT’ exhibit

the same general trend as the P, /p: values discussed earlier. However, when additive drag is subtracted
! 0

it turns out that Case B yields the highest values, and 1f the forebody drag is subtracted, Case A is best,

If other values of AL/AR between the limits 0.4 :}AilAR'i 0.8 are examined, the trend i1s toward higher re-

lative values of CF with greater inlet contraction as AilAR increases. Nonetheless, over the entire range

reagonable values for Ai/AR' the optimal conical forebody angle is GC & 12.5°. These results clearly show

need to consider additive drag and forebody drag 1f a true optimum is to be identified.

Typical values of the ratio of missile weight to maximum cross-sectional area are from 4 to 7 1lbs/in?.
For a value of 5 1b/in® and flight at My = 4, Z = 5000 ft, a value of C = 0.26 would correspond to 7.1 "g'
of accelerative capability.

It is of interesat to compare the results obtained from these dual mode engines with those from a set ¢
engines having the scne inlets but with dump-typc subsonic combustors. As in the case of the scramjet,
acceleration requirements at the end of boost prescribe the combustor-nozzle area ratio. To obtain maximus
performance in the CRJ, the nozzle throat is sized to produce critical flow in the inlet at this condition.
In an inlet having internal contraction such as the ITS, the critical condition corresponds to locating a
normal shock (in actuality, a shock-train having a pressure rise equal to a normal shock) at station 3.

These conditions are shown in Table 3 and are labelled 3'. As M, incrcases and/or ER decreases, the total
temperature ratio in the combusto~ decreases and the normal shocg seeks a location where A A3e" Para-

doxically, the inlet must throw away pressure recovery in order to satisfy the sonic flow conditions imposi
at the nozzle throat. For the example cases, this area is set by the Mo = 7, ER = 0.5 operating condition

Larger duct areas would be possible, which would lead to smaller duct and dump losses but with a loss in tl
internal volume available for packaging. The minimal duct area was used to obtain conditions at the com-

bustor dump plane. Total pressure losses during heat addition vary inversely with combustor entrance Mach
number, so to obtain minimal loss the combustor area was taken as AR. Again, to simplfy the calculations,

Y ® 1.4 was assumed, the duct flow was frictionless, the dump was considered as an isobnric area expansion,
and the heating was taken as a Rayleigh process. With these assumptions, the total pressure loss from
station 3e' to the nozzle throat and the throat size for the M = 4, ER = 0,639 operating conditions can bs

calculated for each of the four engines. These losses vary from 16% for Case A to 21,12 for Case D which,
when coupled with the inlet losses (Table 3) give the values of p */pt at Mo = 4 shown in Table 5 and pre
0

acribe the nozzle throat size A /A3e that 18 also listed in this table., For the H = 5, 6 and 7 condition:
Py /pt is deduced from the continuity equation using the lower values of total temperatute rise in the cot

bustor given in Table 3. Proceeding backwards threujh the engine cycle computing first the total pressure

NN, LA e A A e

N .
. \




loss in the Rayleigh heat addition ani the isobaric dump loss provides a means of verifying that the
inlet must indeed operate supercritically at all but the M o " 4 condition, Had total temperature ratios

below 2.5 (ER = ).639) been prescribed at the end of boost, A /A would have been set by the Mo = 5 con~-
ditions with critical inlet operation. The static pressure rntios P /po at the sonic point listed in

Table 5 are about one-half of the maximum value in the combustor, When compared with the maximum pressure
ratios (p./po) that occur in the scramjet at the same operating point, a significant difference is present

at high Mo. For example, taking case B at Ho = 7, ER = 1,0, the maximum pressure in the subsonic coambustor
is 103.79 + 0.5302 = 195.8, whereas in the scramjet combustor it is 3.84 x 17,445 = 67.0. The implications
with respect to the structural design of the combustor and nozzle are obvious.

With A*/Ag prescribed and A AR the nozzle exit conditions p6/o &nd M6 and the force coefficients can
be calculated by the same method used in the scramjet analysis. The values of CDADD and CD are the same as

for the comparable scramjet at the same operating conditions and therefore are not re-listed from Table 4,
Comparing CF values from Table 5 for the CRJ with those for the scramjet from Table 4 shows that th+: CRJ has

somewhat higher performance at HD = 4 and 5, about equal performance at Mo = 6, and significantly lower per-
formance at Ho = 7. For most applications of engines operating over this Ho range, overall performance

would favor the scramjet. A superficial examination of the listed vesults will help to support this argu-
ment, For example, if the CRJ engine for Case B was required to produce the same CF as its scramjet counter-

part, the ER, or fuel flow rate, would be reduced by about Y% at Ho = 4, 5% at Ho = 5, but would have to be
increased by 502 during cruise at Ho = 7, Both cycles exhibit the same trends in performance with inlet
contraction ratfo and the conclusions previously stated for the scramjet therefore hold.

Table 4
Exit Parameters and Force Coefficients for Four Engines

with ITS HFC = 6 Inlets
{Supersonic Combustion)

Cage MO ER H6 yélp0 CT CDADD CT = Cpapp CD Cp
A 4 0.639 3.246 0.848 0.3370 0.0124 0.3246 0.0584 0.2663
5 1.000 3.402 1.293 0.3219 0.0059 0.3160 0.0555 0.2605
6 1.000 3.631 1.668 0.2291 0 0.2291 0.0538 0.1753
7 1.000 4,141 1.257 0.1173 0 0.1173 0.0527 0.0647
7 0.500 4.611 1.237 0.0631 0 0.0631 0.0527 0.0105
B 4 0.639 3.347 0.795 0.3530 0.0188 - 0.3342 0.0804 0.2538
5 1.000 3.515 1,228 0.3402 0.0089 0.3313 0.0771 0.2542
€ 1.000 3.733 1.610 0.2500 0 0.2500 0.0752 0.1748
7 1.000 4,202 1.573 0.1328 0 0.1328 0.0739 0.0588
7 0.500 4.617 1.247 0.0756 0 0.0756 0.0739 0.0016
< 4 0.639 3.409 0.772 0.3565 0.0257 0.3307 0.1057 0.2250
5 1.000 3.570 1.182 0.3283 0.0120 0.3163 0.1021 0.2142
6 1.000 3.802 1.538 0.2373 0 0.2373 0.0999 0.1374
7 1.000 4,224 1.542 0.1209 0 0.1209 0.0986 0.0223
7 0.500 4,584 1.250 0.0623 0 0.0623 0.0986 ~0.0363
D 4 0.639 3.348 0.777 0.3248 0.0257 0.2991 0.1057 0.1934
5 1.000 3.507 1.220 0.3250 0.0120 0.3130 0.1021 0.2109
6 1.000 3.763 1.567 0.2354 0 0.2354 0.0999 0.1335
7 1.000 4,132 1.605 0.1185 0 0.1185 0.0986 0.0199
7 0.500 4,434 1.327 0.0575 0 0.0575 0.0986 -0.0412

Ny = 0.985 r=1
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Table 5

Nozzle Throat and Exit Parameters and Force Coefficients for Four Englnes
with ITS MFC = 6 Inlets
(Subsonic Combustion)

c M A"a * * M / ¢ c

ase M, ER 3 PelPr, PP s  Pe/Pp Cr Cr = Cpapp F

A 4 0.639 1.293 0.3898  31.27  3.544  0.729  0.3562  0.3438 0.2855
s 1.000 " 0.1853  51.79 " 1.207  0.3366  0.3307 0.2752
&  1.000 " 0,089  74.53 " 1.737  0.2225  0.2225 0.1687
7 1.000 " 0.0411  89.84 " 2.094  0.0886  0.0886 ¢.0360
7 0.500 " 0.0386 84,35 " 1.966 - 0.0203  0.0203 -u.0323

B 4 0.639 1.325 0.4412  35.39 3,689  0.674. 0.3742  0.355 0.2750
5 1.000 " 0.2126  59.43 " 1.131  0.3528  0.3439 0.2668
6  1.000 " 0.1035  86.57 " 1.648  0.2518  0.2518 0.1767
7 1.000 " 0.0475  103.79 " 1.976  0.1085  0.1085 0.0346
7 0.500 " 0.0446 97,47 " 1.855  0.0392  0.0392 -0.0347

c 4 0.639 1.408 0.4612  36.99  3.764  0.635  0.3480  0.3223 0.2165
5 1.000 " 0.2249  62.87 " 1.080  0.3406  0.3286 0.2265
6  1.000 " 0.1093  91.15 " 1.565 0 2347 0.2347 0.1348
7 1.000 " 0.0502  109.87 " 1.887  0.0995  0.0995 0.0008
7 0.500 " 0.0472  103.18 " 1.772  0.0307  0.0307 -0.0679

D 4 0.639 1.496 0.4518  36.24  3.740  0.643  0.3477  0.3220 0.2163
5 1.000 " 0.2202  61.55 " 1.093  0.3402  0.3286 0.2262
6 1000 " 0.1071 89,31 " 1.585  0.2355  0.2355 0.1355
7 1.000 " 0.0492  107.69 " 1.912  0.0838  0.0838 -0.0148
7 0.500 " 0.0462  101.12 " 1.795  0.0305  0.0305 -0.0681

ng=0.985 rel
A /A = 0.5
CONCLUSIONS

A summary of the contemporary approaches to the design and analysis of scramjet engines has been pre-
sented. Where possible, comparisons with data have been made and judgments made regarding the adequacy of the
modeling. In many instances the treatment herein is superficial and only in conjunction with a thorough
knowledge of the ever-growing base of reference material can the designer propurly assess the state-of-the~

art.
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